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Referat
Biologische Hydrogele wie Kollagen und Gelatine sind wichtige Materialien vor allem in biomedi-
zinischen Anwendungsbereichen. Durch deren exzellente Biokompatibilität und biologische Ab-
baubarkeit werden sie vor allem bei der Züchtung von biomimetischem Gewebe, in der Zellkultur,
als Gewebeersatz in der regenerativen Medizin oder auch als Wundverband eingesetzt. In der
Verwendung solcher Materialien besteht eine wesentliche Herausforderung darin, deren Eigen-
schaften so präzise wie möglich einzustellen, um speziell angepasste Substrate und Gewebe
entwickeln zu können. Eine äußerst vorteilhafte Methode zu Adaptierung der Materialeigen-
schaften ist die elektronenstrahlbasierte Vernetzung, die auf die Verwendung zusätzlicher che-
mischer Vernetzer verzichtet. Die vorgelegte Arbeit untersucht in fünf Teilprojekten das Poten-
tial von Elektronenstrahlvernetzung zur Modifizierung von Kollagen- sowie Gelatinehydrogelen
für biomedizinische Anwendungen.
Das erste Teilprojekt fokussiert sich auf die Auswirkungen hochenergetischer Elektronen auf
Kollagenhydrogele und deren Eigenschaften für potentielle Anwendungen als biomimetisches
Modell der extrazellulären Matrix. Dabei wird gezeigt, dass sich die Materialeigenschaften in Ab-
hängigkeit der Elektronenbestrahlung präzise einstellen lassen und dass diese Gele eine hohe Zell-
kompatibilität aufweisen. Das zweite Teilprojekt beschreibt den Effekt des thermischen Form-
gedächtnisses in Gelatine nach Elektronenstrahlvernetzung und dessen Potential für die Ent-
wicklung biologischer Aktuatoren. Die Effizienz des Formgedächtniseffekts wird in diesem Teil-
projekt ausführlich theoretisch beschrieben und mit experimentellen Untersuchungen an Gelatine
verglichen. Im dritten Teilprojekt wird ein elektronenstrahlvernetztes, hydrations-responsives
Gelatinesystem beschrieben. Zusätzlich wird der Einfluss von pH-Wert und Salzkonzentra-
tion der Quelllösung auf das Quellen von elektronenstrahlvernetzter Gelatine untersucht um
das Reaktionsverhalten noch präziser einstellen zu können. Das vierte Teilprojekt beschreibt
einen Zwei-Schritt-Prozess, bei dem dünne Gelatineschichten mittels hochenergetischer Elek-
tronen mechanisch funktionalisiert werden können. Dabei wird in einem ersten Schritt die
Oberfläche durch hoch fokussierte Elektronen mechanisch strukturiert, um im zweiten Schritt
mittels homogener Elektronenstrahlvernetzung für die Anwendung unter physiologischen Be-
dingungen stabilisiert zu werden. Eine weitere Methode zur Funktionalisierung der Oberfläche
von Gelatinehydrogelen wird im letzten Teilprojekt dieser Arbeit dokumentiert. Dabei werden
topographische Mikrostrukturen auf Gelatineoberflächen aufgebracht und mittels Elektronen-
strahlvernetzung stabilisiert. Dieses Teilprojekt untersucht zusätzlich den Strukturtransfer, die
Langzeitstabilität unter physiologischen Bedingungen sowie die Zellkompatibilität.
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Abstract
Biological hydrogels such as collagen and gelatin are highly attractive materials for tissue en-
gineering and biomedicine. Due to their excellent biocompatibility and biodegradability, they
represent promising candidates in regenerative medicine, cell culture, tissue replacement and
wound dressing applications. Thereby, precisely tuned material properties are indispensable for
customization. High-energy electron-treatment is a highly favourable crosslinking technique to
tailor the material properties. In five sub-projects, this thesis investigates the potential of high-
energy electron-treatment to precisely modify collagen hydrogels, to develop thermo- as well as
hydration-sensitive systems and functional surfaces from gelatin for biomedical applications.
The first sub-project focusses on the modification of collagen hydrogels by electron-induced
crosslinking with potential application as biomimetic extracellular matrix material. Thereby,
it is shown that the material properties can be precisely tailored by adapting electron-induced
crosslinking while high cytocompatibility is maintained. Within the second sub-project, an
electron-crosslinking-induced shape-memory effect in gelatin is described in order to develop
a thermo-responsive system. The effect is described experimentally as well as theoretically to
demonstrate the fundamental physical processes. The third sub-project develops an electron-
crosslinked hydration-sensitive gelatin system. The work discusses how swelling of electron-
crosslinked gelatin is influenced by the pH-value and salt concentration of the swelling liquid.
Thereby, response of the hydration-sensitive gelatin system can be further modified towards bi-
ological actuatoric systems. The fourth sub-project develops a two-step process to mechanically
pattern gelatin surfaces. Within the first step, thin gelatin surfaces are mechanically patterned
by a highly focussed electron beam. In a second step, they are stabilized by homogeneous
electron-crosslinking for applications at physiological conditions. Another method to develop
functional gelatin surfaces is described in the last sub-project. Here, gelatin is topographically
patterned via a moulding technique. The resulting micro-structures are then stabilized via
electron-crosslinking. In addition, the presented work investigates pattern transfer, long time
stability at physiological conditions as well as cytocompatibility.
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1. Introduction and Objective
’Hydrogel biomaterials: a smart future’
— Jindrˇich Kopecˇek[1]
The scientific society and the development of the global biomaterials market confirm a growing
demand of customizable biomaterials and biological hydrogels in particular [1, 2]. Biomaterials
are generally described as ’material[s] intended to interface with biological systems to evaluate,
treat, augment or replace any tissue, organ or function of the body’ [3]. Among them, hydrogels
are promising candidates for a variety of applications. They are characterized as polymeric net-
works with the ability to absorb, store and release large amounts of water (99 wt% and higher)
while maintaining their dimensional stability [4]. Due to this swelling behaviour, hydrogels rep-
resent promising materials in biomedical applications where hydration-responsive materials are
required. They can be classified into natural and synthetic hydrogels, distinguished by their
source. Natural hydrogels are obtained from biological sources while synthetic hydrogels are
artificially produced. While synthesization of hydrogels enables precise control of composition,
structure and material properties, natural hydrogels show strong conformity to biological tissue.
This conformity is needed in tissue engineering and replacement, as biomedical coatings, culture
substrate for cells and tissues or as implants. As the main structural protein in the extracellular
matrix (ECM), collagen is a highly attractive candidate for biomedical applications since it is
biocompatible, has low immunogenicity and is naturally remodelled by cells [5]. As a derivative
of collagen, gelatin shows a similar degree of biocompatibility and -degradability, which makes
it extremely interesting as biomaterial. However, in case of gelatin, thermal stability has to be
enhanced for many biomedical application because gelatin undergoes a gel-sol transition (GST)
at temperatures underneath the human body temperature [6]. Thermal stabilization can be
obtained by polymer crosslinking, which further tunes material properties such as network or-
ganization, rheological properties, swelling and stimuli-responsiveness [7].
Electron-beam-induced crosslinking is a reagent-free and efficient technique to crosslink hydro-
gels [8]. Common methods utilize chemical crosslinkers, dehydrothermal treatment or ionizing
radiation [7]. While the use of chemical crosslinkers always introduces additional components
into the system and dehydrothermal processing is not applicable to hydrogels in wet state and
at room temperature [9], ionizing radiation promises non-toxic and reagent-free crosslinking un-
der normal conditions [10]. Compared to radiation techniques utilizing γ- and UV-irradiation,
electron-beam-treatment provides higher irradiation rates [11] and higher penetration depths [9],
respectively. With this, electron-beam-treatment represents a highly favourable and promising
technique to crosslink hydrogels for biomedical applications. The high potential of electron-
beam-treatment for hydrogel crosslinking, especially for biological hydrogels such as collagen
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2and gelatin, was already described for collagen fibres [12, 13, 14] and membranes [15] as well
as gelatin gels [8]. For electron irradiated gelatin, cytocompatibility and non-toxicity was also
demonstrated in detail for prospective biomedical applications [16]. However, the impact of
electron-beam-treatment on collagen gels and their cytocompatibility is not yet sufficiently in-
vestigated. In addition, electron irradiated gelatin shows fascinating features which can be used
to develop stimuli-responsive systems and functional surfaces. These developments and func-
tionalization processes are not described yet.
In five sub-projects, the presented thesis enlightens the potential of electron-beam-crosslinking
to modify collagen and gelatin hydrogels in order to develop biomedical ECM models, stimuli-
responsive systems and functional materials as conceptually shown in Figure 1.1. Thereby,
electron-beam-crosslinked collagen hydrogels are precisely characterized to design a biomimetic
ECM model. In addition, electron beam treated gelatin hydrogels are investigated in order
to develop biological actuatoric systems responding to temperature as well as hydration. Fi-
nally, functional gelatin surfaces are obtained via mechanical and topographical patterning for
prospective biological coating applications. A general introduction into the three main objec-
tives is given in the following.
1.1 Biomimetic ECM Models
Biomimetic ECM models are materials which resemble the ECM in many aspects and imitate
their role in tissue [17]. They play a key role in investigating biological processes in vitro such
as cell behaviour [18, 19], tissue development [17, 20] and related diseases such as cancer pro-
gression or metastasis [21, 22]. They are further applied in regenerative medicine as for in vivo
applications [23, 24]. Therefore, it is necessary to develop precisely characterized materials,
which are non-toxic, cytocompatible and easy to adapt.
When mimicking the ECM, two approaches are possible. The bottom-up-approach synthesises
polymeric structures, which are adapted to resemble native ECM. This approach enables pre-
cise control of material properties by controlling the synthesization process. However, synthetic
ECM models lack biological origin, which might reduce comparability to biological tissue. The
top-down-approach utilizes native ECM components such as collagen, silk, fibroin, alginate, chi-
tosan, keratin and decellularized tissues as model system [25]. This approach ensures biological
identity, but it lacks controllability since natural materials are always subjected to structural
fluctuations. Nevertheless, collagen hydrogels represent promising materials for mimicking na-
tive ECM due to their high degree of biocompatibility and biodegradability. By tuning collagen
properties, highly customized ECM models can be obtained. Therefore, precise, non-destructive
and non-toxic tools for modification are necessary.
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Figure 1.1 Schematic image of conceptual approach of the presented thesis. The
individual projects investigate the influence of electron-beam-crosslinking on col-
lagen and gelatin hydrogels. While electron-crosslinked collagen is precisely char-
acterized for prospective application as ECM model system, crosslinked gelatin is
investigated in terms of its potential as stimuli-responsive system with thermal as
well as hydration-sensitive response and as functional material via mechanical and
topographical patterning. Published projects presented in this thesis are highlighted
in green.
Highly common methods to tune collagen properties utilize crosslinking. In fact, additional
crosslinks of physical or chemical nature are formed within the polymeric network [7]. They
affect structural, mechanical, optical and thermal properties. Within the variety of crosslink-
ing techniques, electron-beam-induced crosslinking is a highly advantageous technique. It is
reagent-free, non-toxic and enables precise tuning of collagenous hydrogels towards biomimetic
and cytocompatible materials as already demonstrated for gelatin [8, 16]. The first study pre-
sented in this thesis published by Riedel et al. [10] will demonstrate how structural and me-
chanical properties of collagen can be tuned via electron-treatment while chemical integrity and
cytocompatibility are excellently maintained. This enables precise, reagent-free and non-toxic
modification of collagen hydrogels towards biomimetic ECM model systems for biomedical ap-
plications.
41.2 Stimuli-Responsive Hydrogels
Stimuli-responsive hydrogels, also called smart hydrogels, are systems, which find application as
actuators [26, 27], sensors [28, 29] as well as extraction solvents [30] and can be used to immobi-
lize enzymes [31, 32] and cells [33]. They undergo physical transformations such as deformation,
volume change or gel-sol transition due to specific stimuli. These stimuli can be of physical or
chemical nature such as temperature, electric or magnetic field, light, pressure as well as pH or
ion concentration [4]. Thereby, adaption of the hydrogel-response is a challenging task in the
development of smart hydrogel systems.
Since the stimuli-response mainly depends on crosslinking, modification of the polymer crosslink-
ing is the key approach to tune the response. In case of gelatin hydrogels, crosslinking can lead
to the introduction of a thermal-responsive behaviour due to a thermal shape-memory effect.
This effect is described and investigated experimentally as well as theoretically in the second
publication by Riedel and Mayr [34]. Here, theoretical predictions are compared with experi-
mental observations in order to determine and verify the fundamental physical processes.
A different stimuli-responsive gelatin system is described in the third publication by Riedel et al.
[35]. Here, a hydration-responsive gelatin system is designed. This system is constructed of two
gelatin layers, which exhibit different swelling behaviour. This difference in swelling is achieved
by a different degree of crosslinking induced by electron-beam-treatment. This bilayer-system
then shows deformation-response to a hydration stimulus. The presented publication describes
the developed system and its response. It further investigates how this response can be tuned
by adapting geometry as well as hydration solvent via pH and salt concentration.
1.3 Functional Hydrogel Surfaces
Development of functional biomaterials to mimic in vivo micro-environments is a key approach
of tissue engineering [36, 37, 38]. Here, generating a functional surface is a major challenge since
cells might respond to environmental cues [39, 40].
Surface functionalization of biological hydrogels is an interesting field in tissue engineering since
cellular proliferation and differentiation can be directly controlled via surface topography but
also via substrate mechanics. In this thesis, two approaches are presented developing gelatin hy-
drogels with functional surfaces. In the fourth project [41], a two-step process utilizing focused
electron-beam-treatment and electron-beam-induced crosslinking is described in order to obtain
mechanically patterned gelatin surfaces. They are characterized via atomic force microscopy
(AFM) demonstrating successful patterning via this technique.
In the last project published by Tadsen, Friedrich and Riedel et al. [42], the potential of a
moulding technique to topographically pattern gelatin hydrogels is investigated. This pattern-
5ing is accompanied by electron-beam-induced crosslinking in order to thermally stabilize the
hydrogels and their pattern. After analysis of the obtained micro-patterns, cytocompatibility
was investigated demonstrating excellent cellular acceptance for future biomedical applications.

2. General Background
2.1 Hydrogels
Hydrogels are polymeric networks which can absorb, retain and release water while they remain
their basic network structure in hydrated phase. This characteristic behaviour is caused by
hydrophilic groups such as hydroxylic (-OH), carboxylic (-COOH), amidic (-CONH-), primary
amidic (-CONH2) and others which are located at the polymer backbone or on lateral chains
[43]. Due to this hydration-responsive behaviour, hydrogels represent promising materials for
tissue engineering and drug delivery applications [44, 45]. In particular, biocompatible hydrogels
consider high attraction in cell culture [46, 47], regenerative medicine [24, 48], wound dressing
applications [49, 50], drug carrier systems [51, 52] and for mimicking the ECM [53, 54]. Thereby,
biological hydrogels such as collagen are of particular interest since they naturally occur in the
human body and represent the most abundant type of protein in mammalians [55]. Gelatin,
a derivative of collagen, shows a similar biocompatibility and is therefore another important
candidate for the above mentioned applications [56]. In the following, both will be described in
more detail, especially in terms of molecular and structural composition, function and applica-
tion.
2.1.1 Collagen
Collagens are a class of structural proteins which mainly occur in the connective tissue of mam-
malians. They cover at least 20 % of the total amount of proteins in mammalian tissue [57]
which gives them its high relevance in biomedicine and tissue engineering. Collagens are classi-
fied by their characteristic polymer structure: a right handed helical collagen monomer is built
by three left handed helical polypeptide chains, called α-chains [55]. These α-chains consist of
a sequence of triplets composed of a glycine molecule and two amino acids, primarily proline
and hydroxyproline [58, 59]. The so formed collagen monomers further assemble covalently into
fibre and network structures via the action of lysyl oxidase [60, 61].
At the moment, there have been identified at least 29 different collagen types which are encoded
by more than 40 genes [62]. These types can be classified into five main classes [63]: fibril
forming collagens, network forming collagens, fibril associated collagens with interrupted triple
helices (FACITs), membrane associated collagens with interrupted triple helices (MACITs), and
collagens with multiple triple helix domains with interruptions (MULTIPLEXINs). For the here
presented investigations, collagen type I, a fibril forming collagen, is the collagen type of interest.
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8Collagen Type I
With a proportion of 90 % of the total amount of collagens [64], collagen I is the most preva-
lent fibrillar collagen type in mammalian tissue occurring in tendon, ligaments, bone, dermis
and others. Similar to other fibrillar collagens, collagen I monomers assemble into fibrils (see
Figure 2.1) which can further aggregate into fibres, bundles and network structures. Fibrils are
formed by aggregation of multiple right handed collagen monomers which have a length and
thickness of approximately 300 nm and 1.5 nm, respectively [63]. These monomers bind at their
C-terminal domains to the helical domains via covalent bonds leading to a periodic banding
pattern. By transmission electron microscopy (TEM) imaging, this banding pattern, so called
D-periodicity, is observed due to the overlap of regions with high and low electron density [63].
∼ 300 nm
D
gap overlap
N-terminal
domain
C-terminal
domain
Figure 2.1 Polymerization of fibrillar collagen (from bottom to top): Three colla-
gen α-chains form a monomer. Collagen monomers assemble into fibrils via covalent
bonds between the C-terminal domain (red) and the helical structure. The band-
ing pattern (D-periodicity) of a collagen I fibril as visualized by scanning electron
microscopy [65] is caused by the gap-overlap structure of the monomers. Scale bar
indicates 100 nm. Image adapted from [63].
2.1.2 Gelatin
A derivative of collagen is the biopolymer gelatin which is obtained by degradation of collagen
hydrogels. It represents another promising hydrogel due to biocompatibility and biodegrad-
ability similar to collagen [66]. However, gelatin and collagen exhibit interesting differences
as in polymeric structure and thermal stability. These differences originate from the molecu-
lar changes induced by the degradation procedure where collagen is partially denatured (see
Figure 2.2). Type A and B gelatin are obtained by acidic and alkaline processing, respec-
9Denaturation
Figure 2.2 Schematic denaturation of collagen: Acidic or alkaline treatment of
collagen followed by thermal hydrolysis leads to gelatin type A or B, respectively.
The helical structure of collagen (top) is denatured towards random coiled structures
(down). The disentangled structures entangle at temperatures under approx. 31○C
[6] leading to sol-gel-transition. Image adapted from [67].
tively, followed by thermal hydrolysis [67]. The naturally formed covalent bonds in collagen
are thereby removed and the polymeric structure is partially denatured leading to decreased
thermal stability of gelatin compared to collagen. Gelatin undergoes a gel-sol transition (GST)
at temperatures of approx. 31 °C (type dependent [6]) while collagen hydrogels do not undergo
GST due to the naturally formed covalent bonds. So when applied at human body temperature,
gelatin hydrogels have to be stabilized against GST which can be induced by introduction of
stabilizing bonds. This so called polymer crosslinking is described in more detail in the following.
2.2 Polymer Crosslinking
Polymer crosslinking introduces new bonds into polymeric networks. This is normally accom-
panied with changes in material characteristics such as mechanical and structural properties,
thermal stability or swelling which is of high relevance for tissue engineering applications. Two
general crosslinking mechanisms have to be distinguished: physical and chemical crosslinking
which differ in the type of introduced crosslinks. Physical crosslinks are of physical nature such
as entanglements [68, 69], which are naturally formed with collagen and gelatin polymerization,
or ionic interactions [70, 71]. Chemical crosslinking techniques introduce covalent bonds either
by applying chemical crosslinkers such as vulcanization reagents [72, 73], aldehydes [74, 75], en-
zymatic crosslinkers [76, 77], photoinitiators [78, 79] and others or by ionizing radiation [80, 81]
such as γ-, X-ray-, UV- or electron-radiation. Since covalent bonds are highly thermally stable,
chemical crosslinking is recommended to enhance thermal stability of polymers and hydrogels
such as gelatin. Within the chemical crosslinking techniques, utilizing ionizing radiation repre-
sents a reagent-free technique since no additional components such as crosslinking agents have
to be incorporated into the system. Reagent-free crosslinking techniques are favourable since
these additional agents might interact with other system components such as cells or might
be even toxic regarding biomedical applications. Within the class of ionizing radiations, high-
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energy electron-radiation represents an advantageous technique to crosslink hydrogels due to
penetration depths [9] and irradiation rates [11] leading to effective crosslinking and material
modifications.
2.2.1 High-Energy Electron-Treatment of Polymers
Reagent-free modification of polymers by ionizing radiation is mediated by the introduction of
covalent bonds as schematically shown in Fig. 2.3. They are created by the recombination of
macroradicals on the polymer chains. These macroradicals result from the interaction of the
polymeric network primarily with hydroxyl radicals which are created by radiolysis of water and
the direct scission of bonds on the polymer chain due to secondary electrons. Since these radicals
are highly reactive, they urge to recombine fast. Thereby, covalent bonds are formed and the
network is crosslinked [7]. As an additional benefit, crosslinking of hydrogels via ionizing radi-
ation is a highly efficient technique for sterilization. Thereby, micro-organisms are deactivated
due to interactions with highly reactive hydroxyl radicals. They cause damage and destruction
of biological DNA leading to microbial death. Electron-beam-treatment already enables effective
sterilization of hydrogels at low doses of approx. 5 kGy [82]. So with electron-beam-induced
crosslinking, hydrogels can be simultaneously sterilized for future biomedical applications.
(I)
(II)
(III)
10
M
eV
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Figure 2.3 Schematic illustration of reagent-free crosslinking of hydrogels induced
by ionizing radiation e.g. by 10 MeV electrons. Thereby, two main processes are
involved leading to crosslinking. (I) Irradiation induces radiolysis of water molecules
leading to the formation of hydroxyl radicals (●OH). They attack the polymer chains
creating macroradicals (electron deficient polymers; illustrated in red). (II) Sec-
ondary electrons (e−) directly interact with the polymer chains, also leading to the
formation of macroradicals (e.g. via homolytic scission of C-H bonds). (III) Macro-
radicals on different chains can recombine towards covalent crosslinks [7].
2.2.2 Electron-Irradiation-Induced Crosslinking of Gelatin
The introduced covalent bonds stabilize the network and further affect material properties. In
case of gelatin hydrogels, material characterization after electron-beam-treatment was already
performed by Wisotzki et al. [8]. They were able to show that gelatin becomes thermally stable
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after irradiation. Furthermore, they described that viscoelastic properties, network organiza-
tion (pore size) and swelling behaviour can be precisely tuned by controlling irradiation-induced
crosslinking. However, no major degradation or cytotoxic effects were observable for electron
beam treated gelatin hydrogels indicating maintained chemical integrity and excellent cellular
acceptance [16], respectively.
2.3 High-Energy Electron Accelerator
In Fig. 2.4, a schematic image of the 10 MeV linear electron accelerator (MB10 30MP, Mevex,
Ottawa, Ontario, Canada) at the Leibniz Institute of Surface Engineering Leipzig (IOM) is
shown.
Cathode
Ion pumps
Microwave input
Beam monitoring
Scan magnet
Window blower
Accelerator tube
Scanning horn
50 µm Ti-foil
Figure 2.4 Schematic image of the 10 MeV linear electron accelerator
(MB10 30MP, Mevex, Ottawa, Ontario, Canada). Figure by courtesy of Mevex
Corp.
The electrons are emitted by a heated cathode while the ion pumps provide vacuum in the accel-
erator tube. The electrons are linearly accelerated by sinusoidal microwaves in suitable cavities
leading to a synchronization of phase velocity and electron velocity. This leads to a pulsed
electron beam. While the electron beam is monitored, a scan magnet scans the beam over the
sample. A 50 µm thick titanium foil maintains the vacuum in the accelerator but allows electron
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passing. The irradiation dose can then be controlled by regulation of operation parameters such
as electron energy, pulse repetition rate, pulse length and current, scanning width and transport
table speed.
The crosslinking profile can be approximated via the irradiation dose distribution. Fig. 2.5 shows
the depth dose profile of water irradiated with 8 MeV electrons at the linear electron accelerator
MB10 30MP at the IOM Leipzig (determined by Dr. W. Knolle, IOM Leipzig, via an algorithm
from Tabata et al. [83]). An optimal thickness of hydrogel samples is approx. 3.2 cm since
the dose decreases rapidly for higher depths [84]. However, thicker samples up to 6.4 cm can
be crosslinked by double-sided radiation. Therefore the sample is irradiated from both sides
leading to a superposition of the dose profiles as demonstrated in Fig. 2.5.
Figure 2.5 Electron-radiation dose profile in water irradiated with 8 MeV electrons
by linear electron accelerator MB10-30MP at the IOM, Leipzig, Germany. Data
determined by Dr. W. Knolle (IOM Leipzig) via an algorithm from Tabata et al.
[83].
3. Cumulative Part
3.1 High-Energy Electron-Induced Modification of Collagen
The content of this chapter is accepted for publication [10].
Reprinted with permission from S. Riedel∗, P. Hietschold∗, C. Krömmelbein, T. Kunschmann,
R. Konieczny, W. Knolle, C. T. Mierke, M. Zink and S. G. Mayr, Design of Biomimetic Collagen
Matrices by Reagent-Free Electron Beam Induced Crosslinking: Structure-Property Relationships
and Cellular Response, Materials & Design, 2019. ∗Authors contributed equally. Copyright 2019
by Elsevier.
Scientific Contribution
Mimicking ECM is of high relevance in tissue engineering and related biomedical applications.
Thereby, adaption and customization of the matrix should optimize cell-scaffold interactions and
development of biological tissue. Tuning material properties such as structure and mechanics is
the key approach of tissue engineering. Reagent-free and non-toxic methods tailoring material
properties are thereby highly recommended and desired. The presented publication shows for the
first time that high-energy-electron-induced crosslinking can be utilized to precisely tune collagen
hydrogels towards highly customized materials which have a high potential in tissue engineering
and biomedical applications. In this publication, it is shown that electron-induced crosslinking
is a highly effective tool to precisely tune viscoelastic properties as well as network pore size
while maintaining the characteristic chemical structure. In addition, cellular viability tests
demonstrate that collagen hydrogels show excellent in vitro acceptance of fibroblasts suggesting
high potential for cellular applications.
13

 Design of biomimetic collagen matrices by reagent-free electron beam induced 
crosslinking: Structure-property relationships and cellular response 
Stefanie Riedel,ab† Philine Hietschold,ac† Catharina Krömmelbein,ab Tom Kunschmann,d Claudia T. Mierke,d Mareike Zinkc and 
Stefan G. Mayr,ab  
a Leibniz Institute of Surface Engineering (IOM), Permoserstr. 15, 04318 Leipzig, Germany 
b Division of Surface Physics, Department of Physics and Earth Sciences, University of Leipzig, Linnéstr. 5, 04103 Leipzig, Germany 
c  Soft Matter Physics Division, Department of Physics and Earth Sciences, University of Leipzig, Linnéstr. 5, 04103 Leipzig, Germany 
d Biological Physics Division, Department of Physics and Earth Sciences, University of Leipzig, Linnéstr. 5, 04103 Leipzig, Germany 
† Authors contributed equally 
Abstract 
Novel strategies to mimic mammalian extracellular matrix (ECM) in vitro are desirable to study cell behavior, diseases and new agents in drug delivery. Even 
though collagen represents the major constituent of mammalian ECM, artificial collagen hydrogels with characteristic tissue properties such as network size 
and stiffness are difficult to design without application of chemicals which might be even cytotoxic. In our study we investigate how high energy electron 
induced crosslinking can be utilized to precisely tune collagen properties for ECM model systems. Constituting a minimally invasive approach, collagen 
residues remain intact in the course of high energy electron treatment. Quantification of the 3D pore size of the collagen network as a function of irradiation 
dose shows an increase in density leading to decreased pore size. Rheological measurements indicate elevated storage and loss moduli correlating with an 
increase in crosslinking density. In addition, cell tests show well maintained cellular viability of NIH 3T3 for irradiated collagen gels indicating excellent 
cellular acceptance. With this, our investigations demonstrate that electron beam crosslinked collagen matrices have a high potential as precisely tunable 
ECM-mimetic systems with excellent cytocompatibility. 
Keywords: biomimetic collagen, extracellular matrix model, reagent-free crosslinking, high energy electron crosslinking 
1 Introduction 
In vitro models mimicking mammalian extracellular matrix (ECM) 
are highly relevant to study cellular behavior, tissue development as 
well as numerous diseases, including cancer progression. They also 
can be employed as novel platforms for exploring new drugs1,2 and 
agents by reducing extensive and ethically questionable animal 
experiments. However, besides the specific chemical composition 
of ECM models, also mechanical properties and network 
organization (e.g. network pore size) play a crucial role due to their 
impact on cell proliferation and motility.3–5 Thus, precise tools for 
tailoring these model systems are highly desirable to mimic 
biological ECM.  
Among ECM model systems, synthetic polymers are interesting 
candidates due to their simplicity and reproducibility.6,7 However, 
they frequently do not represent physiological environments due to 
a lack in biophysical and biochemical complexity.8,9 Natural 
materials which are derived from in vivo systems are more 
physiological and thereby might reveal an excellent biocompatibility 
and biodegradability. Two materials of this category are Matrigel® 
composed of basement membrane proteins and collagen.10–13 
Collagen is the major component of the mammalian ECM with 
collagen type I representing the most relevant collagen type 
occurring in a variety of connective tissue such as tendon, ligaments 
as well as epithelial tumors.14 Nowadays, collagen is mainly applied 
in tissue replacement15,16, regenerative medicine17,18, cell 
culture19,20 as well as wound dressing applications.21,22 To this end, 
collagen is an ideal starting point for artificial ECM models, that also 
pose the possibility for further fine-tuning based on addition of 
specific proteins, including elastin, fibronectin and proteoglycans.23 
To tune collagen gels towards physiological ECM models with 
specific mechanical cues, network architecture, thermal stability 
and swelling behavior, precise and non-cytotoxic crosslinking 
methods a required.24 As common techniques utilize agents such as 
aldehydes25,26, epoxides27 or enzymatic crosslinkers28 that might 
adversely affect cell behavior, reagent-free techniques are highly 
advantageous. Among them, electron irradiation is highly effective 
to crosslink polymeric hydrogels.29 Thereby, macro- and •OH-
radicals are formed by homolytic scission of bonds at the polymer 
chain and radiolysis of water molecules, respectively.30 The •OH-
radicals further attack the polymer chains resulting in additional 
macro-radicals. The macro-radicals are highly reactive and 
recombine by formation of covalent bonds forming crosslinks in the 
polymeric network.  
Compared to crosslinking techniques utilizing chemical crosslinking 
agents, electron irradiation promises high efficiency as well as 
precise and fast crosslinking while not inducing cytotoxicity.31 It 
furthermore sterilizes the material on the fly which ensures 
biomedical application. Within the group of ionizing irradiation, 
electron irradiation is highly advantageous for modification of 
hydrogels due to large penetration depths32 and high dose rates33 
enabling homogeneous crosslinking. In addition, it allows precise 
global as well as local crosslinking by using a highly focused electron 
beam, which opens up a multitude of applications ranging from 
mechanical patterning to actuators.34–36 
In the following, we show that electron irradiation is an effective 
and precise tool to modify collagen properties. Thereby, we do not 
focus on thermal properties since they were intensively studied by 
Jiang et al.37 Instead, we extend these investigations by 
characterizing electron beam crosslinked collagen gels in terms of 
network structure (pore size), rheological properties and 
 cytocompatibility for future biomedical applications such as ECM 
model systems. 
2 Experimental  
2.1 Collagen preparation 
Collagen gels were synthesized as reported by Kunschmann et al.38 
and Fischer et al.39 In doing so, collagen gels with a final collagen 
concentration of 1, 2 and 3 mg/ml were prepared from rat tail 
collagen (Collagen R, 0.4 % solution, Cat. No. 47256.01; SERVA 
Electrophoresis, Germany) and bovine skin collagen (Collagen G, 
0.4 % solution, Cat. No. L 7213; Biochrom, Germany) in a ratio of 
1:2, respectively. This specific mixing ratio was used because the 
formed network strongly resemble human collagen networks.39,40 
The collagen solution was prepared on ice to avoid polymerization 
and was gently mixed until homogeneity. A phosphate buffer 
containing Na2HPO4 (Cat. No. 71636; Sigma-Aldrich Chemie GmbH, 
Germany) and NaH2PO4 (Cat. No. 71507; Sigma-Aldrich Chemie 
GmbH) was added to obtain a pH of 7.5 and a total phosphate 
molarity of 200 mM in all gels. The collagen samples polymerized at 
37 °C and 100 % humidity for 24 h. The samples were rinsed twice 
and stored in distilled water at room temperature (RT) until use. 
 
2.2 Electron beam treatment 
Collagen samples were irradiated using a 10 MeV linear electron 
accelerator (MB10-30MP; Mevex Corp., Canada). The electron 
accelerator is equipped with a moving stage with a repetition rate 
of 180 Hz and a scanning horn with scanning frequency of 3 Hz. The 
electron pulses have a length of 8 µs. Final doses ranging from 10 to 
100 kGy were obtained in steps of 5 kGy. The doses were measured 
with respect to a graphite dosimeter to an uncertainty of 5 %. 
During electron beam treatment, the samples were cooled to RT by 
draft to prevent overheating and thereby induced degradation. 
After irradiation, the samples were stored at 37 °C and 100 % 
humidity for 48 h and later at RT. 
 
2.3 FTIR spectroscopy 
Irradiated collagen samples were air dried at ambient conditions for 
three days. The absorption spectra were measured with a Bruker 
FTIR (1FS 55 Equinox; Billerica, MA, USA) combined with a mercury 
cadmium telluride detector and Golden Gate single-reflection 
diamond attenuated total reflection accessory. 32 scans were 
performed per measurement. 
 
2.4 Network imaging 
To determine the structure of collagen networks, confocal laser 
scanning microscopy (CLSM) was utilized and 3D images of the 
network were analyzed. Collagen gels were first applied onto 
coverslips which were coated to improve collagen adhesion. In 
doing so, glass surfaces were hydroxylated by annealing at 120 °C 
for 2 h. After cooling down, they were silanized with (3-
Aminopropyl)trimethoxysilane (97 %, Cat. No. 281778; Sigma-
Aldrich Chemie GmbH). After drying for 5 minutes, glasses were 
washed three times with distilled water. Subsequently, 
glutaraldehyde (2.5 %, Cat. No. G6257; Sigma-Aldrich Chemie 
GmbH) was added for 20 minutes to functionalize the surface. 
Finally, the collagen solution was applied onto the cover-glasses. 
After polymerization, collagen samples were washed three times 
with distilled water and irradiated as described before. Gels were 
then fluorescently stained over night with 5/6-
carboxytetramethylrhodamine succinimidyl ester (20 µg\ml, 5/6-
TAMRA(SE), Cat. No. 90022; BIOTREND Chemikalien GmbH, 
Germany). Afterwards, staining solution was removed and samples 
were washed three times and then stored in distilled water. During 
the whole staining process, exposure to light was avoided to 
prevent bleaching. 
To image the network structure, a CLSM (TCS SP2; Leica 
Microsystems, Germany) was utilized. A helium-neon laser 
(wavelength 543 nm) was employed to excite the fluorescent 
5/6-TAMRA(SE) (ex./em. wavelength: 540/565 nm). Collagen was 
then imaged in 3D. For each collagen concentration three coverslips 
were prepared and three positions per coverslip were imaged and 
analyzed. 
 
2.5 Network pore size 
To determine the pore size of the collagen networks, the CLSM 
image stacks were analyzed (Figure 1(a)). After binarization of the 
CLSM images (Figure 1(b)), the 3D euclidean distances to the 
nearest fiber were determined for every voxel, similar to Mickel et 
al.41 A corresponding distance map shows local maxima 
representing the center of a pore (Figure 1(c)). Thereby, the 
euclidean distance of the local maximum correlates to the radius of 
that pore. The diameter is then characterized as the pore size. A 
distribution of all occurring pore sizes is then used to evaluate the 
characteristic pore size which is defined as the mean of the 
distribution (Figure 1(d)).   
 
 
Figure 1. Pore size determination: (a) 2D CLSM image of collagen network (2 
mg/ml, 50 kGy). (b) Binary image. (c) 3D euclidean distance map of the CLSM 
image. The color indicates the distance to the nearest fiber: black represents 
a fiber: the brighter the color, the larger the distance. Local distance maxima 
represent the center of the pore. The euclidean distance at the local 
maximum defines the pore size of the pore. (d) Histogram of all calculated 
pore sizes of a collagen measurement. The characteristic pore size of the 
collagen network is defined as the average of the distribution. Scale bars 
represent 10 µm. 
2.6 Rheology  
The viscoelastic properties were determined by a MCR-300 bulk 
rheometer (Anton Paar; Austria) with a 10 mm-diameter parallel-
plate geometry. Samples with diameters of 10 mm were cut out of 
collagen sheets with a height of approx. 3 mm. All measurements 
were performed in a temperature controlled environment at 
25 °C.The strain independent region in the range of 0.01 % to 5 % 
was determined by strain sweeps at 1 Hz (not shown here). The 
storage and loss moduli were then measured by frequency sweeps. 
The characteristic elastic modulus was then determined at 1 Hz and 
at 1 % strain (in the strain independent region as determined 
before). In total, ten samples per treatment method were 
measured while one measurement per sample was performed to 
exclude dehydration effects.  
The degree of crosslinking 𝜈𝑐 was roughly estimated by rubber 
elasticity theory using the following relationship between storage 
modulus G', gas-constant R and temperature T:42 
𝐺′ = 𝜈𝑐𝑅𝑇.                    (1) 
2.7 Cellular response 
To assess cytocompatibility, NIH 3T3 mouse fibroblasts (CRL-1658; 
ATCC, Germany) were cultured on irradiated collagen gels as well as 
on unirradiated gel as control. After washing the gels directly after 
irradiation with phosphate buffered saline (PBS), they were 
incubated with cell culture medium (90 % DMEM, FG0435; 
Biochrom & 10 % calf serum, 26010075; Thermofischer, Germany) 
and Pen/Strep (1 % 10.000 U/ml, A2212; Biochrom) for 4 days. 
Before seeding cells onto the gels, medium was removed and fresh 
medium was applied. 
Cells were pre-cultured in standard cell culture dishes and detached 
by Trypsin/EDTA (0.025 % / 0.01 %, L2143; Biochrom). Trypsin was 
inhibited by serum-containing cell-medium. After centrifugation (90 
RCF, 4 min) and removal of supernatant, the collected cells were 
resuspended in medium and the cell density was determined via 
cell-counting-chamber. In each well (surface area of 9.5 cm2), 
approx. 70.000 and 50.000 cells were cultured for 48 and 72 h at 
37 °C, 5 % CO2 and 100 % humidity for cell imaging and viability 
measurements, respectively.  
Cell imaging was performed by fluorescent actin staining. In doing 
so, the cells were fixed using paraformaldehyde (PFA; HT5011; 
Sigma-Aldrich Chemie GmbH) at RT. After washing twice with PBS, 
cells were incubated with Triton X-100 in PBS (0.1 %, X100; Sigma-
Aldrich Chemie GmbH) for 20 minutes at 8 °C. After washing twice 
with PBS, the gels were incubated at RT with serum albumin in PBS 
(BSA, 1 %, A2153; Sigma-Aldrich Chemie GmbH). Afterwards, actin 
was stained by Alexa FluorTM 488 Phalloidin (A12379; 
Thermofischer). Phalloidin (300 units) was diluted in methanol (1.5 
ml). Phalloidin/methanol solution (5 µl per well) were diluted in BSA 
(1 % in PBS, 2 ml) and added over night at 37 °C. After washing the 
gels twice with PBS, cells were imaged with a fluorescence 
microscope (Axio Scope A1; Carl Zeiss Microscopy GmbH, Germany) 
as well as by a spinning disk confocal microscope (CSU-X1A 5000; 
Yokogawa, Germany) combined with an inverted fluorescence 
microscope (Axio Observer.Z1; Carl Zeiss Microscopy GmbH). 
To determine cellular viability, fluorescence flow cytometry 
measurements were performed. Cultivated cells were first 
harvested by dissolution of the collagen using Collagenase A 
(3 mg/ml, Cat. No. 10103578001; Sigma-Aldrich Chemie GmbH). 
Before Collagenase A was added, gels were washed twice with PBS. 
Then Collagenase A solution (1 ml) was added to collagen (2 ml) and 
incubated for 30 minutes. Afterwards, collagen was mechanically 
disintegrated by manual pipetting. After adding cell culture 
medium, the suspension was centrifuged as described above. The 
supernatant was removed and the obtained cells were stained with 
propidium-iodid (PI) and annexin V (V13242; Thermofischer) as 
suggested by the manufacturer. Cell viability was determined 
according to the manufacturer's recommendations. The number of 
viable, early apoptotic as well as late apoptotic and necrotic cells 
were determined using the flow cytometer LSRFortessa II (BD 
Biosciences, USA) and the data was analyzed using Flowing 
Software.43 The experiment was repeated 3 times with each time 2 
samples per irradiation dose and approx. 6000 analyzed cells per 
sample. Significance of viability of cells on irradiated gels compared 
to unirradiated (0 kGy) gels was tested by an independent two-
sample t-test with 0.05 p-value. 
3 Results and discussion  
 
3.1 Chemical structure 
Changes in the chemical structure of irradiated collagen were 
explored via Fourier Transform Infrared (FTIR) Spectroscopy. The 
obtained spectra (Figure 2) show the characteristic amide peaks 
representing molecule-vibrations and -deformations. As shifts in the 
amide peak wavenumbers indicate changes in the secondary 
structure, e.g. transformations from helical to random coiled 
conformation, the wavenumbers of the amide peaks were 
determined as a function of irradiation dose (see Table 1). 
 
Figure 2.  FTIR spectra of electron irradiated collagen (gel concentration of 
2 mg/ml). The marked peaks represent the characteristic amide peaks. Amid 
peak positions are listed in Table 1. 
 
In general, no large changes in the FTIR-spectra are observable; 
merely the amide A and II bands reveal a slight shift towards lower 
wavenumbers while the Amide B, I and III peaks remain constant. 
Thereby, the amide A band corresponds to N-H bond stretching44 
and is located at 3305 cm-1 for the unirradiated collagen. For higher 
doses (100 kGy), the peak shifts to 3283 cm-1 indicating a loss in 
helical content towards coiled structures.45 Similar to the amide A, 
the amide II band shows a small shift from 1547 to 1535 cm-1. In 
general, the amide II peak represents N-H bending and C-N 
stretching.45 A shift to lower wavenumbers thus indicates a 
 transformation from a helical to a random coiled structure as also 
seen in the amide A band. These results indicate that electron 
irradiation up to 100 kGy induces minor changes from helical to 
coiled structures. However, since the shifts are small and the amide 
B, I and III peaks do not change significantly, it indicates absence of 
degradation; viz. electron irradiated collagen still exhibits 
collagenous polymeric structures.  
Table 1. Amide peak position analysis of FTIR-measurements of irradiated 
collagen (2 mg/ml). The peak position was determined with an error of 
±1 cm-1 
Dose 
[kGy] 
Amide Peak 
[cm-1] 
 
 A B I II III 
0 3305 3075 1632 1547 1238 
10 3294 3074 1633 1545 1235 
20 3294 3074 1631 1544 1237 
40 3286 3074 1632 1537 1236 
60 3284 3074 1632 1535 1238 
100 3283 3074 1633 1535 1239 
 
These minor changes in chemical structure are the result of a very 
careful modification of collagen upon treatment with energetic 
electrons, which results from a relatively low number of formed 
radicals per collagen molecule at the applied doses. The number of 
formed radicals will be estimated in the following.  
Since the employed collagen solutions mainly consist of water (e.g. 
99.8 % for 2 mg/ml solution), we base the estimation on pure water. 
The G-value (radio-chemical yield) of generated •OH-radicals in 
electron irradiated water is 2.8, i.e. 2.8 •OH-radicals are formed 
when an energy of 100 eV is absorbed by water due to electron 
irradiation. A dose of 100 kGy (6.25 x 1020 eV/g) then leads to the 
formation of approx. 17.5 x 1018 •OH-radicals per gram collagen. 
The reaction radius of •OH-radicals in water due to diffusion can be 
estimated via their life time46 (τ = 2 ns) and diffusion coefficient47 
(𝐷 = 2.3x10-15 cm2/s). Via 𝐿 = √𝐷𝜏, a diffusion length L of approx. 
2 nm can be determined. This leads to the conclusion that just •OH-
radicals close to the polymer chains are involved into crosslinking.  
With a density48 of ρ = 1.3 g/cm3, collagen takes 0.15 % of the 
volume of a 2 mg/ml collagen hydrogel. With this, it can be 
estimated that just 0.15 % (2.6 x 1016) of the formed •OH-radicals 
are close enough to collagen molecules to be involved into 
crosslinking. Taking into account that 1 g collagen solution 
(2  mg/ml) contains approx. 4 x 1015 collagen molecules 
(tropocollagen; molecular weight of 300 kDa), we can conclude that 
the ratio of collagen molecules to •OH-radicals is approx. 1:6.5, viz. 
6.5 •OH-radicals are involved into crosslinking of one collagen 
molecule. Since the collagen molecule is quite large (approx. 1.5 nm 
in diameter and 300 nm in length49), minor changes in the chemical 
structure of electron crosslinked collagen are expected, as 
confirmed by the presented FTIR measurements. However, these 
minor changes are still sufficient to precisely tailor material 
properties as investigated in the following. 
 
3.2. Network structure  
Since the network structure has a direct impact on cellular response 
such as the ability of cells to migrate and invade the gels50,51, the 
influence of electron irradiation on the pore size has to be 
investigated. These changes in the structure of the collagen 
networks after electron beam treatment were studied by confocal 
laser scanning microscopy (CLSM) imaging and quantification of the 
characteristic network pore-size. Figure 3 shows 2D images of 1, 2, 
and 3 mg/ml collagen irradiated with doses of 0, 50 and 100 kGy, 
respectively. It can be observed that the network pore size becomes 
smaller with increasing irradiation dose and collagen concentration. 
In addition, collagen pore sizes were quantitatively evaluated by 3D 
analysis of the CLSM images. The results are shown in Figure 4.  
The 3D image analysis revealed characteristic pore sizes of approx. 
6, 4.5 and 4.25 µm for unirradiated collagens with concentrations of 
1, 2 and 3 mg/ml, respectively. With increasing irradiation dose, the 
mean network pore size decreases down to approx. 2.5 µm. 
Consequently, with an irradiation dose of 50 and 100 kGy, the pore 
size can be reduced to 75 and 50 % of the initial size, respectively. 
Such a relative decrease in pore size was already reported for 
electron beam treated gelatin hydrogels52 and is assigned to the 
introduction of inter-chain53 and intra-chain crosslinks37. 
Densification is expected to be accompanied with changes in 
macroscopic geometry. In fact, global sample shrinkage was already 
observed by Wisotzki et al.52 for gelatin and is presently 
documented for collagen within the Supporting Information 
Figure S1. Its dependence on additional processing parameters, 
molecular origin and relation to observations during chemical 
crosslinking are currently explored and will be the focus of follow 
up studies. 
With further examination, it becomes clear that the characteristic 
pore sizes are smaller than the average size of mammalian cells. 
However, cell migration is not excluded since cells might be very 
deformable. The most limiting factor of cell deformation is the cell 
nucleus which is the most rigid and undeformable part of the cell54. 
The average size of mammalian nuclei is 10 – 15 µm55, which is still 
larger than the determined characteristic pore sizes. However, the 
collagen network is flexible enabling cells to migrate through the 
network. In addition, active matrix remodeling by cells further 
improves mobility of cells in theses matrices56,57. 
Since a densification as reported in our studies is expected to have 
an influence on the mechanical properties of the hydrogels, 
rheology measurements are discussed in the following. 
 
  
  
Figure 3. Network structure of electron irradiated collagen with varying gel concentration as function of irradiation dose (0, 50 and 100 kGy). Left: 
Representative 2D images of 1, 2 and 3 mg/ml collagen gels. Right: Representative 3D images of 2 mg/ml collagen gels. Scale bars indicate 10 µm. 
 
  
 
Figure 4. Average pore size of collagen with varying gel concentration in 
dependence on the irradiation dose determined by 3D pore size analysis, 
with linear fits. Error bars indicate standard deviation. 
3.3 Rheology 
The effect of electron irradiation on the viscoelastic properties of 
collagen was investigated via oscillatory rheometer experiments. To 
this end, storage and loss moduli were determined. The results are 
presented in Figure 5. It can be observed that the electron assisted 
crosslinking technique leads to an increase in storage and loss 
moduli about one order of magnitude from approx. 50 to 500 Pa 
correlating well with biological tissue and tissue components.58 
This network stiffening and the decrease in viscosity are correlated 
with the irradiation induced crosslinking already described for 
hydrogels59, collagen fibers60 and gelatin hydrogels.52 The 
introduced covalent bonds lead to an increased elastic modulus of 
the collagen fibrils and with this also of the entire network. This 
causes the release of water since the balance of swelling pressure 
and network stress is shifted and the transport of water into the 
hydrogel is hindered with network stiffening. Together with the 
already mentioned densification, material stiffening is reasonable.  
 
   
Figure 5. Storage and loss moduli of electron irradiated collagen (2 mg/ml) 
in dependence on radiation dose, with power law fits. Error bars indicate 
standard deviation. 
 
By using Equation (1), the crosslinking density can be estimated as 
seen in Figure 6. A linear correlation between irradiation dose and 
crosslinking density can be found for doses up to 60 kGy. It has to 
be taken into account that Equation (1) applies in first 
approximation for collagen hydrogels since it is actually valid for an 
ideal rubber with purely elastic crosslinked polymer chains. For 
viscoelastic materials, contributions from trapped entanglements or 
network defects (loose chain ends, intramolecular loops, entangled 
chain loops) are not taken into account.61,62 However, with this 
approximation which was already used for alcogels63 or chitosan 
hydrogels61 a qualitative estimation on changes in crosslinking 
density of electron crosslinked collagen can be made. 
 
 
Figure 6. Crosslinking density of electron irradiated collagen (2 mg/ml) 
determined via rubber elasticity theory (see Equation (1)), with linear fit. 
Error bars indicate standard deviation. 
3.4 Cytocompatibility 
To investigate cellular response on electron irradiated collagen gels, 
cells were cultured on these gels followed by cell imaging and 
viability tests using flow cytometry measurements. Figure 7 shows 
fluorescence microscopy images of multiple and single NIH 3T3 
fibroblasts cultured onto electron irradiated collagen gels with 
varying irradiation doses. We observed that the cultured cells 
invaded all collagen gels (not shown here). In addition, they 
exhibited characteristic cell morphology in 3D culture which is 
indicated by their elongated shape and evolution of filopodia 
suggesting cellular viability.64 It can be observed that the average  
 
 
Figure 7. Cellular response: NIH 3T3 fibroblasts after 48 h culture on 
electron irradiated collagen gels with varying irradiation doses visualized by 
actin staining. Left: Multiple cells imaged by fluorescent microscopy. Scale 
bars indicate 100 µm. Right: Single cells imaged using confocal fluorescent 
microscopy (laser scanning). Scale bars indicate 50 µm.  
cell shape shifts from a rather roundish shape on the soft 
unirradiated gels to a more elongated shape with a higher spread 
area for irradiated gels. This variation in cell shape may correlate 
with the matrix stiffness since cell morphology is affected by the 
mechanical properties of the substrate65–67. On all gels as well as 
the control sample, the cell density is similar giving a first indication 
that electron irradiated collagen gels are non-cytotoxic for NIH 3T3 
fibroblasts. This qualitative investigation is examined in more detail 
by quantitative viability studies using flow cytometry 
measurements.  
Viability tests were performed comparing NIH 3T3 fibroblasts which 
were cultured on the electron crosslinked collagen with respect to 
cells cultured on unirradiated collagen gels. Here, the percentage of 
viable, early apoptotic as well as late apoptotic and necrotic cells 
were determined via annexin V / propidium-iodid staining and flow 
cytometry measurement. The obtained results are presented in 
Figure 8. These investigations show an excellent cellular viability of 
the fibroblasts, also on gels with higher irradiation doses of 40 kGy. 
Fibroblasts cultured on unirradiated as well as irradiated collagen 
how a viability of approx. 95 % with 3 % early apoptotic and 2 % late 
apoptotic and necrotic cells with no significant differences.  
  
Figure 8. Cellular viability: NIH 3T3 fibroblasts cultured on electron 
crosslinked collagen gels (2 mg/ml) as function of irradiation dose. The 
viability was determined by annexin V / Propidium-iodide staining and flow 
cytometry measurement. Error bars visualize standard deviation. 
Percentages of viable cells on irradiated gels were tested on significance 
compared to cells cultured on unirradiated collagen gels resulting in no 
significant differences. 
Compared to cells cultured on common cell culture dishes which 
showed a viability of approx. 97 % (not shown here) the viability is 
not much decreased. This leads to the conclusion that electron 
irradiated collagen exhibits excellent cytocompatibility for NIH 3T3 
cells and thereby represent promising materials for 3D culture 
substrates and candidates mimicking the ECM. Collagen generally 
has shown to be a good material for long-term culture of several 
cell lines for various applications without any toxic effect.68–70 Since 
the electron irradiated hydrogels show no significant reduction in 
cellular viability over 3 days, it might be a promising material for 
long-term culture as well.  
In addition, the ability of cells to invade the gels further indicates 
excellent biodegradability because fibroblast migration within the 
ECM and ECM models is usually accompanied by matrix remodeling 
via synthesis of matrix-proteases.71,72 However, invasion behavior 
has to be investigated qualitatively and quantitatively in more detail 
in a follow up study. 
If compared to other crosslinking techniques such as crosslinking via 
aldehydes (e.g. glutaraldehyde73,74), cellular viability is excellently 
maintained after electron beam treatment. The good cellular 
acceptance corresponds well to similar investigations on the 
cytotoxicity of NIH 3T3 fibroblasts on electron crosslinked gelatin31 
and suggests high cytocompatibility of electron irradiated collagen 
with potential as an excellent material for cell culture and other 
biomedical applications. As our vision, this particularly includes 
mechanical tailoring of collagen-based organ scaffolds that have 
either been gained by decellularization from biological sources or 
modeled by 3D printing. However, no conclusion on in vivo 
biocompatibility can be made here at this point since natural 
proteins such as collagen often underlay restricted usage due to 
concerns regarding batch variations and induced immunogenic 
reactions. Although collagen is considered as a weak antigen, 
potential immune responses must be kept in mind76–78 and in vivo 
applications has to be tested for the specific situation (material, 
patient, system etc.). This will be one of our future research 
directions. 
 
Conclusions 
In this study we demonstrate that electron beam assisted 
crosslinking is a promising reagent-free alternative to common 
crosslinking techniques which enables precise modification of 
collagen hydrogels towards controllable ECM model systems. FTIR 
measurements indicate that electron beam assisted crosslinking 
induces only minor changes, while the characteristic polymeric 
structure of collagen is maintained also for doses as high as 
100 kGy. Pore size analysis indicates precise tunability of the 
network pore size. Rheological investigations show network 
stiffening over one order of magnitude which correlates with an 
increase in crosslinking density. Thereby, our cell-experiments 
revealed an excellent cytocompatibility of electron irradiated 
collagen gels in terms of cellular viability.  
With these investigations, we are able to show that high energy 
electron induced crosslinking presents a highly promising technique 
to tune collagen hydrogels in order to mimic ECM and other 
collagenous tissue by tailoring material characteristics such as 
structure and mechanics in a physiological relevant range. In 
addition to excellent cytocompatibility, these defined collagen 
systems represent 3D tissue models which are highly relevant in cell 
culture, as coatings or implants and are necessary to study cellular 
behavior in biomimetic tissue as in cancer research or to investigate 
drug delivery and distribution for pharmaceutical applications.  
Our presented investigations are the basis for further studies on 
electron beam treated collagen matrices towards biomimetic 
scaffolds, which is possible globally (as in the present study) or 
locally (by utilizing a focused electron beam). Our next future steps 
have to examine long time cytocompatibility in vitro and in vivo as 
well as biocompatibility for clinical applications.  
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3.2 Thermo-Responsive Gelatin System
The content of this chapter has already been published [34].
Reprinted with permission from S. Riedel and S. G. Mayr, Reagent-Free Programming of Shape-
Memory Behavior in Gelatin by Electron Beams: Experiments and Modeling, Physical Review
Applied, 2018, 9(2), 024011. Copyright 2018 by the American Physical Society.
DOI: https://doi.org/10.1103/PhysRevApplied.9.024011
Scientific Contribution
Adaption of the stimuli-response of biological hydrogels is a main challenge for applications
as drug delivery or sensor system. In case of gelatin, a thermo-responsive behaviour can be
introduced via electron-induced crosslinking. With this, gelatin hydrogels can be turned into
thermal-responsive systems which can be applied as biological sensors or actuators. The pre-
sented work demonstrates for the first time how electron irradiated gelatin exhibits a thermally
responsive shape-memory effect. This effect is precisely characterized in terms of efficiency.
Next to the experimental confirmation of this shape-memory effect, the theoretical principals
are highlighted by molecular dynamics. These simulations give precise predictions about the ex-
pected response enabling precise development of actuators for a variety of different applications,
e.g. as active systems in biomedical fields.

 Reagent-Free Programming of Shape-Memory Behavior
in Gelatin by Electron Beams: Experiments and Modeling
Stefanie Riedel† and Stefan G. Mayr*
Leibniz Institute for Surface Engineering (IOM), Permoserstrasse 15, 04318 Leipzig, Germany
and Division of Surface Physics, Department of Physics and Earth Sciences,
University of Leipzig, Linne´strasse, 5, 04103 Leipzig, Germany
(Received 20 October 2017; revised manuscript received 19 December 2017; published 12 February 2018)
Recent years have seen a paradigm shift in biomaterials toward stimuli-responsive switchable systems
that actively interact with their environment. This work demonstrates how to turn the ubiquitous off-the-
shelf material gelatin into such a smart biomaterial. This is achieved by realizing the shape-memory effect,
viz., a temperature-induced transition from a secondary into a primary shape that has been programmed in
the first place merely by exposure to energetic electrons without addition of potentially hazardous cross-
linkers. While this scenario is experimentally quantified for exemplary actuators, a theoretical framework
capable of unraveling the molecular foundations and predicting experiments is also presented. It
particularly employs molecular dynamics modeling based on force fields that are also derived within
this work. Implementing this functionality into a highly accepted material, these findings open an avenue
for large-scale application in a broad range of areas.
DOI: 10.1103/PhysRevApplied.9.024011
I. INTRODUCTION
Gelatin belongs to the most prevalent bioderived sub-
stances in everyday life today, which is abundantly used in
foods, pharmaceutical products, and cosmetics [1,2] with a
worldwide yearly production amount of 412.7 kton in 2015
[3]. Based on its long tradition of human use since the
Neolithic Age 8000 years ago [4], it reveals extremely well-
characterized properties, high acceptance, and availability
at low cost. If appropriately modified to yield novel
properties, gelatin, thus, bears enormous potential for
successful application in new fields. Treatment with ener-
getic electrons constitutes a promising manifestation of this
idea, as it is capable of introducing a shape-memory effect
into gelatin. As we demonstrate in the following, it allows
us to synthesize “smart” or “adaptive” gelatin that is
capable of “remembering” its initial shape and return to
it upon sufficient temperature increase, as sketched in
Fig. 1, using regular off-the-shelf supplies without addition
of potentially hazardous ingredients.
Historically, the shape-memory effect was first described
by Ölander as early as 1932 in Au-Cd alloys [5,6] For
polymers, an early patent by Vernon and Vernon [7]
describes “elastic memory” in synthetic thermoplastic
resins that have been polymerized in a specific shape,
and the historic textbook of Charlesby [8] reports on page
253 “an interesting and often amusing property of lightly
irradiated polyethylene” that “has been termed memory
effect.”While the former was targeted at dental applications
(presumably, the first biomedical application of shape-
memory polymers), the latter was the basis for large-scale
(b)
(a)
(c)(d)
(e)
DP
DP,0
DT,0
DT
FIG. 1. Sketch of the experimental steps of programming and
demonstrating the shape-memory effect in electron-beam-modified
gelatin: Exemplarily, deformation of a bent gelatin layer is shown.
(a) Gelatin is irradiated with 10-MeV electrons. (b) Irradiated
gelatin is heated to 50 °C. (c) The sample is deformed into a
temporary shape and then cooled to 8 °C. (d) The deformed sample
is heated again to 50 °C to initiate shape-memory effect resulting in
(e) almost complete shape recovery.
*Corresponding author.
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industrial mass production of heat-shrinkable tubes [9,10].
Both aspects, biocompatibility and treatment with energetic
electron beams, are central for the results reported within
the present manuscript.
During the past 20 years, numerous manifestations of
shape-memory polymers that respond to a plethora of
physical and chemical stimuli, including temperature
changes, have been extensively investigated and reviewed
(see, e.g., Refs. [11–15] and references therein). These studies
were greatly based on synthetic polymers, while the large
number of stimuli-responsive biologically derived molecules
received only minor consideration. Examples within the latter
category include spider silk [16], as well as chemically
modified gelatin [17,18] and rubber [19,20]. Biocompatibility
and biodegradability are advantages of biologically derived
shape-memory alloys and provide applications in the bio-
medical field such as regenerative medicine.
Within the present work, we pursue a synthesis route
for biologically derived, optionally biodegradable, shape-
memory biomaterials that is in line with these traditions
by combining “gelatin” with “energetic electron treatment”
for a programmable shape-memory effect. In doing so, we
employ a combined approach of experiments on the
macroscopic scale, which are reported in the first part of
this manuscript, with extensive computer modeling on the
molecular scale based on a force field also derived within
the present work.
Unmodified gelatin consists of denaturized, viz., hydro-
lyzed, collagenous fibers, that reveal a random coil struc-
ture when dissolved in water at high temperatures (“sol”)
and partially reestablish collagenlike triple-helical struc-
tures stabilized by hydrogen bonds (“gel”) upon cooling
through the sol-gel transition (TG ≈ 24 °C for the presently
employed gelatin [21]). These triple helices represent
physical cross-links that can be switched on and off by
temperature decrease and increase, respectively, and, thus,
constitute a domain suitable for storing a temporary
(secondary) shape below TG. To program the original
(primary) shape, a second domain with thermoresistant,
viz., covalent, cross-links is brought into play that are
inserted into the gelatin matrix by electron-beam treatment
[22]. In addition to establishing the “memory kernel” for
the primary shape, these covalent bonds also enhance the
thermal stability of gelatin under physiological conditions
by eliminating the sol-gel transition [22] and allow for
control of mechanical properties and degradation times via
the cross-link density [23].
II. EXPERIMENTAL AND
COMPUTATIONAL DETAILS
A. Sample preparation and electron-beam treatment
The gelatin samples are prepared by dispersing
gelatin type A from porcine skin (G2500, Sigma-Aldrich
Chemie GmbH, Germany) in deionized water with gelatin
concentrations of 4, 6, 8, and 10 wt %. After a swelling time
of 1 h, the gelatin solution is heated to 60 °C until the
gelatin is liquefied and homogenously dispersed. The
gelatin solution is poured into molds. Cylindrical
(12.6 mm diameter) and hollow-cylindrical (12.6 mm outer
diameter, 2.3 mm thickness) samples with a length of
approximately 20 mm are prepared. The hollow-cylindrical
samples are cut lengthwise to obtain a bent gelatin layer.
Figure 2 shows the cylindrical and hollow-cylindrical
samples after preparation. Afterward, they are cooled to
8 °C for at least 2 h to polymerize. Between measurements,
the samples are stored at 8 °C.
Before irradiation, the molds with the samples are
purged with nitrogen and subsequently sealed to prevent
contact with oxygen during irradiation and inhibit dehy-
dration. To prevent overheating during irradiation, the
samples are placed in a foamed polystyrene box equipped
with cooling aggregates. Electron irradiation of the gelatin
samples is performed using a 10-MeV linear electron
accelerator (MB10 30MP, Mevex, Ontario, Canada) with
a moving stage (180-Hz repetition rate). The electron pulse
with a length of 8 μs is scanned over the sample using a
scanning horn with a scanning frequency of 3 Hz. The
doses are measured with respect to a graphite dosimeter
given uncorrected to an uncertainty of 10%. The final doses
are obtained in steps of 5 kGy.
The shape of the specimens is characterized bymeasuring
the length and diameter as well as the curvature radius of the
cylindrical and bent samples, respectively. These quantities
are denoted by DP;0, DT;0, DT , and DP in the following,
where the indices “P” and “T” denote primary and tempo-
rary shape, respectively, while “0” indicates the initial states.
The lengths and diameters are measured using a caliper
micrometer to an accuracy of 0.1 mm. The curvature radius
is determined from images recorded using aUSB3uEyeML
camera (IDS Imaging Development Systems GmbH,
Germany) during the experiment and evaluated using an
image analysis program. Aware that in elasticity there is a
solution mapping of a flat to a bent configuration in finite
strain [24], we conveniently set the radius of the curvature of
the initial temporary shape of the bent samples DT;0 to a
FIG. 2. Cylindrical (left) and hollow-cylindrical (right) gelatin
samples after preparation (scale bars indicate 10 mm).
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“large” value (10 cm) to avoid singularities (division by
zero) for ideal flat shape. Ten samples for each concentration
and irradiation dose combination are measured.
B. Interaction potentials
Experimentally derived from collagen by denaturation,
gelatin is composed of hydrolyzed α chains that partially
reestablish their triple-helical structure upon cooling
through the sol-gel transition. Within the triple helix,
binding between the α chains is primarily mediated by
hydrogen bonds with N─H and O acting as the hydrogen
bond donor and acceptor, respectively. Bond strengths as
large as approximately 3 meV per hydrogen bond [25] are
typical under these conditions.
Within a coarse-grained approach, we describe the
intramolecular binding within an α chain with a bead-
spring model using an adapted FENE (finitely extensible
nonlinear elastic model) ansatz [26]. In doing so, individual
“beads” reflect the basic building blocks of an α chain, viz.,
single amino acids, while “springs” account for covalent
bonding (primarily peptide bonds) between them. In the
course of the triple-helix formation, specific residues of an
α chain can undergo hydrogen bonds only to residues of a
limited number of other α chains (two, to be exact) for
steric reasons. To mimic this effect, we employ a bond-
order [27] approach that allows selected beads (amino
acids) of a particular α chain to engage into hydrogen bonds
with up to two other beads (amino acids) of different α
chains. In doing so, we energetically account for the N─H
and O hydrogen bond by an attractive effective potential.
Cast in equations, our model, thus, considers three
contributions to the interaction potential reflecting repul-
sion for short distances (UR), covalent bonds (UC)—
intramolecular as well as due to chemical cross-links—
and intermolecular triple-helix formation by hydrogen
bonds (bijUT).
We employ the cutoff function fλκðrÞ to smoothly join
the potential toward zero within the inner and outer cutoff
distances λ and κ, respectively,
fλκðrÞ ¼
8
<
:
1 if r ≤ λ;
ð1 − ℵÞ3ð1þ 3ℵþ 6ℵ2Þ if λ < r ≤ κ;
0 if r > κ;
ð1Þ
with
ℵ ¼ r − λ
κ − λ
: ð2Þ
For small distances, we describe the intra- and intermo-
lecular interaction between the beads by the repulsive term
of a Lennard-Jones potential
URðrÞ ¼ 4ϵ0

σ
r

12
fλ1κ1ðrÞ; ð3Þ
while we model the attractive interaction due to covalent
chemical bonds within the chains or due to cross-links by
the well-established FENE expression [26]. In doing so, we
choose the parametrization in a way that has proven to be
suitable to prevent occurrence of artificial high-frequency
oscillations [28], viz.,
UCðrÞ¼

−15 ϵ
σ2
ð3
2
σÞ2 ln½1− ð2r
3σÞ; f:covalent bond;
0; otherwise:
ð4Þ
The same cutoff function is also utilized for determining
the bond order ζij during triple-helix formation. That is,
if a hydrogen bond is formed between two different α
chains, it counts the number of other α chains also attached
by hydrogen bonds. Based on this, the bond order
parameter bij is defined following the original Tersoff
formulation [27]
bij ¼ ð1þ βnζnijÞ−1=ð2nÞ ð5Þ
with
ζij ¼
X
k≠i;j
fλ2κ2ðrikÞξijk: ð6Þ
Here, ξijk is introduced, which is equal to 1 only if beads i,
j, k all belong to different α chains, otherwise, zero.
We assign 1=3 of the beads located in the middle and at
the ends of an α chain the capability to act as hydrogen
donors, while 20% of the beads toward each end are
potential hydrogen acceptors (Fig. 3). Meant to reflect the
degenerated nature of α chains in gelatin that partially
prevents triple-helix formation, the details of this choice are
surely arbitrary to a large degree but seem to be largely
irrelevant for the presently investigated scenarios, as long
as a fraction of 1=3 for hydrogen donors was maintained—
which physically makes sense due to comparable overall
bonding energies. In fact, this finding has a physical
justification in the portion of glycin contained in α chains,
that is established to act as a hydrogen donor. Energetically,
we model hydrogen bonds with a simple attractive
Lennard-Jones term
UTðrÞ ¼

−4ϵ0ðσrÞ6fλ1κ1ðrÞ; f: hydrogen bond;
0; otherwise
ð7Þ
H−donors
H−acceptors
FIG. 3. Hydrogen donor and acceptor regions within the model
for α chains.
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that is weighted with the bond order parameter [Eq. (5)]
before entering the expression for the total binding energy.
C. Parametrization
As for parametrization for the proposed interaction
potential, we decide to work with well-justified physical
estimates throughout, sticking with Lennard-Jones units
only in the case of the length scale. In particular, this
approach allows us to work with “meaningful” temper-
atures in direct comparison with experiments. Table I
summarizes the employed parameter set based on the
hydrogen binding strength (ϵ0), average mass m of the
“constituting” amino acids, established cutoff (λ1, κ1) for
FENE models [28], and (empirically optimized) stabiliza-
tion of triple helices (λ2, κ2, β, n).
D. Classical molecular dynamics computer modeling
We employ our highly parallelized group-maintained
molecular dynamics code [29,30] to numerically solve the
classical multiparticle problem with a fifth-order Gear
predictor-corrector scheme [31] using an integration time
step of 1.05 fs for the described potential. If specific
temperatures and stresses are desired, they are maintained
with Berendsen thermostats and barostats [32] using time
constants of 400 fs and 30 fs GPa, respectively. In fact, the
results reported within this work prove to be largely
independent of such details within a reasonable range, as
indicated by test runs with different parameters and the
alternative Nose-Hoover approach [33,34]. To account for
the experimentally realized stretching and bending modes
of the shape-memory gelatin, we employ a “classical”
rectangular simulation box with periodic boundaries and
variable principal strains (given by predefined strain or
stress control) as well as more “unusual” arc-type boundary
conditions (Fig. 4). For the latter, atoms are confined within
the outer and inner surfaces of the hollow-cylinder segment
by a purely repulsive interaction described by Eq. (3), while
we apply periodic boundaries along the cylinder axis.
Within the simulation work conducted for this manuscript,
we either employ predefined values r, t, and ϕ, e.g., to
realize deformation at a defined rate, or use a Berendsen
type of feedback to relax the stresses and bending moment
(indicated by arrows in Fig. 4) toward a given stress level
and zero, respectively, using the time constants given
above.
E. Preparation of simulation cells
We prepare simulation cells with the initial shapes of (i) a
cube (edge length 350 Å for the results shown) with
periodic boundaries applied in all spatial directions, as
well as (ii) half-hollow cylinders (r ¼ t ¼ 87.5 Å, cylinder
length 350 Å for the results shown) with periodic bounda-
ries applied only along the cylinder axis by a simple
random walk approach: Starting from an arbitrarily
chosen point located within the simulation cell, a three-
dimensional random path of predefined step length (chosen
to match the equilibrium bond length of the FENE
potential) and total number of steps (reflecting the length
of the α chains) is performed. In doing so, we take into
account the finite size (“radius”) of the beads (i.e., amino
acids) by enforcing a spacing of a bead to the center of
another bead or a “wall” (if present) of at least the
equilibrium bond length of the FENE potential. After
the algorithm reaches saturation (for the presented runs
with 80800 and 67100 beads, respectively, in α chains
composed of 100 beads each), the cells are subsequently
equilibrated at 600 K, atmospheric pressure (105 Pa), and
constant shape (cube and r ¼ const, respectively) until the
internal energy reaches a constant level within the thermal
fluctuations (typically after 1 ns) and subsequently
quenched with a rate of 1 K=ps down to 10 K. We refer
to this protocol as “mold casting” within this manuscript.
Cells prepared in that way are the starting point for all
consecutive investigations reported within this work, which
particularly includes heating and cooling cycles that are
realized with the same temperature rate. For that reason, it
seems very instructive to be aware of the sol-gel transition
temperature, TG, at this rate. The latter is identified as TG ¼
297 4 K from the onset of viscous flow during temper-
ature increase by applying shear stresses of 5 × 104 Pa to
the periodic simulation cell (in addition to atmospheric
pressure) and monitoring deformation. Within this context,
it seems worth mentioning that TG reveals an intrinsic
heating-rate dependence.
III. EXPERIMENTAL RESULTS
Figure 1 illustrates the working principle of the electron-
beam-programmed shape-memory effect in gelatin. To
quantify the progress of shape change and allow for
FIG. 4. Arc-type boundary conditions: radius r, thickness t, and
angle ϕ can either be fixed at the desired value or controlled to
obtain the desired stress or bending moment (indicated by the
force arrows).
TABLE I. Parametrization for the potential Eqs. (1)–(7).
ϵ0 m λ1 κ1 λ2 κ2 β n
0.083 eV 107.11 u 0.7κ1 2 × 21=6σ 1.4σ 1.7σ 1.9 22
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statistically averaging different samples of slightly varying
geometries, we employ the ratios
QT ¼
DT
DT;0
and QP ¼
DP;0
DP
for deformation into the temporary and primary shape,
respectively.
The shape-memory effect is demonstrated in Fig. 5(a)
and the corresponding videos in Appendix A. The
deformed samples recover within minutes into their origi-
nal shape with an accuracy of more than 97% after heating
over the gel-sol transition temperature TG [Fig. 5(b)]. From
the shape of the recovery curves, three phases—initiation,
linear recovery, and relaxation—can be identified that are
characterized by small, large, and again small deformation
rates, respectively. Increasing the irradiation doses is found
to primarily reduce the samples’ capabilities to maintain
their secondary shape [Fig. 5(c)], while gel concentrations
do not reveal much of an influence on primary or secondary
shape within the investigated range (Appendix B, Fig. 8).
IV. MODELING RESULTS
To establish a framework for modeling as well as
theoretical prediction and lay the foundations for in-depth
studies, we perform extensive molecular dynamics com-
puter simulations that can be mapped to experimental
scales by the time-temperature superposition principle
[35]. To account for the competition between triple-helical
and electron-beam-induced covalent cross-links, we intro-
duce a type of interaction potential that is described in
detail in Sec. II. It is basically comprised of a repulsive term
UR dominating for short distances, covalent interaction UC
due to intramolecular bonds as well as covalent cross-links,
and intermolecular triple-helix formation by hydrogen
bonds bijUT . While by our choice of UC, covalent bonds
are defined to be stable at any temperature, the binding
strength within the triple helices UT guaranteed bond
closure and opening below and above a critical temperature
TG, respectively. The introduction of a bond order param-
eter bij to stabilize a triple-helical structure presumably
constitutes the most interesting feature of the presently
proposed force field from a conceptual point of view. By
employing a physically derived parametrization of the
FIG. 5. Demonstrations of the shape-memory effect in electron-beam-modified gelatin [10 wt %, 40 kilogray (kGy), unless specified].
(a) Samples show recovery into the primary shape within a few minutes upon heating from 10 to 50 °C, capable of performing complex
movements. Videos of the “bending-beam” and “waving-hand” actuators are included in Appendix A, Videos 1 and 2, respectively.
(b) Temporal switching behavior of a cylindrical-shaped linear actuator. (c) Impact of dose on shape-memory performance demonstrated
for a hollow-cylindrical actuator: while the primary shape is recovered to more than 97%, deformation within the secondary shape
decreases with increasing dose.
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force field (see Sec. II for details), a critical temperature
TG ¼ 297 4 K can be determined for the time scales
investigated (nanosecond regime). Within this context, we
note that in our simulation, the runs of the critical temper-
ature for triple-helical bond closure and opening TG reveal
a slight observation of time dependence. The finding that
shorter observation times result in elevated critical temper-
atures TG is, in fact, an indication of a glassy nature of
the bond opening and closure transition and, consequently,
the whole sol-gel transition within our model.
To imitate our experimental geometries (Fig. 5), canti-
lever (Fig. 6) and linear (Fig. 7) shape-memory actuators
are modeled. Well-relaxed arc-shaped samples with an
inner radius of curvature of 10 nm as well as cubic cells are
prepared as described in Sec. II. After preparation, they
reside at 10 K and atmospheric pressure, which constitutes
the starting point for the studies described in the following.
Just as in the experiments, our assessments of the shape-
memory properties start by “programming” the primary
shape by insertion of a variable number of cross-links per
chain γ=2 (“cross-linking density”) into the cell. Here, γ
denotes the “cross-linking index” to quantify the number of
cross-linked units per chain, as originally introduced by
Flory [36,37]. The cells are subsequently annealed above
TG, while applying suitable bending moments and shear
stresses to obtain the desired deformation into flat and
tetragonal geometries, respectively (see Sec. II for details).
After cooling again below TG and relieving all external
forces, the samples adopt their secondary shape. Annealing
again above TG results in partial or full recovery of the
primary shape.
In the following, we first discuss the cantilever actuator
(Fig. 6) in more detail. Successively increasing the cross-
linking density γ=2 from 1 to 4, shape recovery is observed
to start at 2 and yields satisfactory results only at ≥3 cross-
links per chain. Increasing γ is accompanied by a decrease
of sample volume, as expected. According to classical
theory of the sol-gel transition [36–38], a cross-linking
index γ ¼ 1 corresponds to the gel point, where an infinite
network starts to form. As all simulation runs depicted in
FIG. 6. Recovery of curved shape in electron-beam-programmed gelatin cantilevers, as predicted by molecular dynamics calculations;
two-dimensional projections of three-dimensional cells. Electron treatment of mold-cast arc-shape cells is modeled by inserting (a) 4,
(b) 3, (c) 2, and (d) 1 cross-link(s) per chain at 10 K, yielding the color-coded percolation networks of polymer chains. After deformation
to a plane geometry (radii of curvature→ ∞) at 350 K, the samples are subsequently cooled to 150 K, followed by relief of all boundary
constraints. Upon reaching again 350 K at t0, shape recovery to a degree determined by the number of cross-links inserted during
programming is observed. Beyond t1 ¼ t0 þ 6.9 ns, no further shape recovery is observed, as confirmed by runs up to t1 ¼ t0 þ 50 ns.
Hydrostatic atmospheric pressure is applied throughout. The “network number” enumerates the individual clusters of cross-linked
gelatin monomers with descending size.
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Fig. 6 realize a gel state due to γ ≥ 2, it becomes clear that
the mere presence of a covalently cross-linked gel is not
sufficient to act as a memory kernel for the primary shape.
In fact, while the black colored networks in Figs. 6(d)
clearly expand throughout the corresponding cells, inserted
cross-links primarily serve to link individual chains to the
gel network for γ ¼ 2. Because of the vast absence of
intranetwork cross-links, viz., closed loops, the gel network
cannot sustain the mechanical stresses necessary to “store”
information on the primary shape. With increasing γ, not
only the gel fraction but also the number of intranetwork
cross-links increases, as reflected by successive occurrence
of the shape-memory effect.
For the linear shape-memory actuator (Fig. 7), the
scenario is qualitatively similar. Because of a much simpler
geometry, however, it allows for a more stringent quanti-
fication of deformation via the degree of tetragonality
c2=ðabÞ. Employing this measure, it becomes clear that
here γ ¼ 2 is already sufficient to obtain partial shape
recovery, while full recovery prevails for γ ¼ 4 and beyond.
This threshold γ is clearly lower than the threshold
observed for the bending actuator (γ ≥ 6), which we
attribute to the absence of fully periodic boundaries for
the latter. With increasing γ, however, the difference
between primary and secondary shape is strongly reduced,
which is clearly a consequence of the increasing elastic
moduli due to covalent intranetwork cross-links. Based on
that, we identify γ ¼ 4 as the “sweet spot” for optimum
shape-memory performance.
V. DISCUSSION
We proceed by casting this picture a little bit more into
equations. Our starting point is the seminal work of Flory
[36–38], in which he derived a relation between the sol/gel
weight fractions (ws and wg, respectively) and the cross-
linking index, assuming the absence of intranetwork cross-
links. To approximately include intranetwork crosslinks
in a generalized expression, we are inspired by earlier
suggestions [39,40] to propose within a mean-field picture,
which for a selected cross-linked unit, the probability of
realizing an intra- or internetwork cross-link is approx-
imately given by the overall average weight fractions of
the gel and sol, respectively, yielding for the relation of
“cross-linking index” γ and sol weight fraction ws,
γ ¼ − lnðwsÞð1 − wsÞws
: ð8Þ
This expression is identical to Flory’s original result [e.g.,
Ref. [37], p. 378, Eq. (50)], except for the additional “ws”
in the denominator to approximately account for intranet-
work cross-links. Gel weight fractions and the number of
intramolecularly cross-linked units per chain are readily
estimated as wg ¼ 1 − ws and γwg, respectively (see
Appendix C, Fig. 9). Assuming that (i) the shape-memory
actuator is operated in direct proximity of TG, (ii) we can
employ the simple rubber elasticity model to describe the
impact of triple-helical, as well as covalent cross-links on
elastic response, and (iii) opening and closure of triple-
helical cross-links is perfect, i.e., creepless, we can, thus,
write for the magnitude of the shape-memory effect
ϵ ¼ wg
γt
γt þ γwg
ϵ0: ð9Þ
Here, ϵ denotes any suitable measure for the recovered
strain, as, e.g., ðα − 1=α2Þ with the tetragonality α ¼ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
c2=ðabÞ
p
, ϵ0 represents the same quantity when imposing
the secondary shape, and γt corresponds to elastically active
triple-helical cross-links. Equation (9) reveals a maximum
at the sweet spot, as observed in our experiments and
computer calculations.
VI. CONCLUSIONS
To conclude, we demonstrate how ubiquitous gelatin can
be changed into a programmable smart material and present
a computational framework to predict actuator perfor-
mance. As the presented framework enables us to imple-
ment functionality in the most abundantly used and widely
approved bioderived substance gelatin, while largely keep-
ing its chemical integrity, it opens up the possibility for
FIG. 7. Molecular dynamics modeling of linear shape-memory
gelatin actuators with different cross-link densities: After pro-
gramming a primary cubic shape [c2=ðabÞ ¼ 1] at 10 K, the cells
are deformed by applying shear stresses (5 × 104 Pa) and heated
through the sol-gel transition (TG ¼ 297 4 K) up to 350 K.
After dwelling, they are cooled to 150 K, followed by a relief of
the applied external shear stresses in a second dwelling stage.
Subsequent annealing at temperatures beyond TG leads to
virtually complete recovery of the primary shape for sufficiently
cross-linked cells, as confirmed by runs up to 50 ns. Heating rates
and dwell times are chosen as 1 K=ps and 1.5 ns, respectively;
hydrostatic atmospheric pressure is applied throughout. The
wallpaper picture shows a typical simulation cell.
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applications with high acceptance in a broad range of areas
from food to engineering, biology, and medicine.
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3.3 Hydration-Responsive Gelatin System
The content of this chapter has already been published [35].
Reprinted with permission from S. Riedel, B. Heyart, K. S. Apel and S. G. Mayr, Program-
ing stimuli-responsiveness of gelatin with electron beams: basic effects and development of a
hydration-controlled biocompatible demonstrator, Scientific Reports, 2017, 7(1), 17436. Copy-
right 2017 by SpringerNature.
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Scientific Contribution
Adaption of swelling behaviour and hydration-response of gelatin hydrogels is of high relevance
in applications as drug delivery or actuatoric system. The presented work demonstrates for the
first time how to develop a hydration-responsive actuator system of a gelatin bilayer-system by
utilizing electron-irradiation-induced crosslinking and discusses how to improve the response by
adaption of certain parameters such as geometry, gel concentration and irradiation dose. Such
a responsive system represents a biocompatible active element which can be used for actuatoric
tasks. In biomedical fields, application as self expanding stents are possible. It could be shown
that the ex vivo response can further be improved by adaption of pH-value and salt concentration
of the hydration medium.
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Programing stimuli-responsiveness 
of gelatin with electron beams: 
basic effects and development of a 
hydration-controlled biocompatible 
demonstrator
Stefanie Riedel1,2, Benedikt Heyart1, Katharina S. Apel1 & Stefan G. Mayr1,2
Biomimetic materials with programmable stimuli responsiveness constitute a highly attractive material 
class for building bioactuators, sensors and active control elements in future biomedical applications. 
With this background, we demonstrate how energetic electron beams can be utilized to construct 
tailored stimuli responsive actuators for biomedical applications. Composed of collagen-derived 
gelatin, they reveal a mechanical response to hydration and changes in pH-value and ion concentration, 
while maintaining their excellent biocompatibility and biodegradability. While this is explicitly 
demonstrated by systematic characterizing an electron-beam synthesized gelatin-based actuator of 
cantilever geometry, the underlying materials processes are also discussed, based on the fundamental 
physical and chemical principles. When applied within classical electron beam lithography systems, 
these findings pave the way for a novel class of highly versatile integrated bioactuators from micro- to 
macroscales.
Stimuli responsive biological systems are omnipresent in nature and can be regarded one of the ingredients of 
life. Contemporary material developments for biomedical applications, e.g. in the fields of implantology and 
tissue engineering, increasingly follow this paradigm by focusing on smart and adaptive, biomimetic and bio-
degradable assemblies in replacement for traditionally passive approaches. When heading for active elements in 
regenerative medicine or drug delivery, control of switching behavior to environmental conditions constitutes an 
integral challenge, in addition to their programmable bioabsorbability. Thereby, polymeric materials, especially 
synthetic materials1, are already investigated in order to construct active elements such as actuating objects and 
self-expanding stents2,3. Furthermore, the actuatoric potential of biological systems found in nature were inves-
tigated in more detail4. However, bio-polymers, especially collagenous materials such as gelatin, have a similarly 
high potential for applications as active elements but are not yet well studied. As we will demonstrate in the fol-
lowing, simple biologically-derived gelatin that has been appropriately modified with energetic electron beams 
constitutes a highly promising candidate to fulfil these specifications towards active elements e.g. switchable stents 
and scaffolds or active control elements of certain environmental parameters such as in microfluidic systems.
Gelatin is derived from the natural hydrogel collagen. Due to its biodegradability and biocompatibility, gelatin 
represents an important material for biomedical applications in vitro and in vivo5,6. A disadvantage of unmodi-
fied gelatin is its low gel-sol-transition temperature TGST. Even though TGST varies for different gelatin types, for 
all of them it lies far beneath the human body temperature7. By modifications such as crosslinking, TGST can be 
increased and gelatin can be adapted to become usable for applications at human body temperature8. As some 
crosslinking methods have been reported to reveal cytotoxic effects (e.g. glutaraldehyde9), reagent-free methods 
are highly desirable in the areas of biomedical and pharmaceutical applications. High energy electron irradiation 
represents such a nontoxic crosslinking method for gelatin modifying its properties, such as thermal stability, 
structure and swelling while maintaining chemical structure10 and biocompatibility11. In addition, even electron 
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doses of just a few kGy are known to sterilize gelatin12, which makes it attractive for biomedical applications. 
During irradiation, high energetic electrons break bonds within the polymeric chains due to homolytic scission, 
e.g. of C-H bonds, which causes the formation of radicals13. Additionally, macro radicals form due to radiolysis of 
water molecules and further attack the polymer chains causing formation of more radicals which recombine into 
crosslinking covalent bonds within the chains.
With the vision of a novel class of highly versatile, optionally biodegradable actuators for medical applications, 
the present work thus employs electron beams to modify, reassemble and functionalize bio-derived gelatin for 
tailored stimuli responsiveness in a physiological environment with response to hydration and changes in 
pH-value as well as ion concentration. Within this scope, the phenomenology of swelling, which is solvent diffu-
sion into the gelatin matrix, and its modification by electron beam treatment constitutes the central aspect. While 
swelling, thermodynamic equilibrium between solvent and gel is reached, if the chemical potential of the solvent 
in- and outside the gel is the same μ μ=s
in
s
out, which can be recast into the requirement that the total osmotic 
pressure π vanishes. Due to Flory and Rehner, the latter is composed of three contributions π = πel + πmix + πion 
stemming from the elastic forces counteracting expansion, solvent-gel mixing and ion-solvent electrostatic 
effects, respectively. Following a “design by understanding” approach, we first focused on a thorough quantitative 
assessment of the phenomenology of swelling behavior in electron-beam-modified gelatin as function of electron 
dose, gel concentration, pH-value as well as ion concentration. The resulting parameter-property-relationships 
established from these studies was then the basis for construction of custom actuators, as we demonstrate with a 
hydration-sensitive gelatin cantilever. They might have an application perspective in self-expanding stents.
Results
Development of an active gelatin element. Active elements that deform in a programmable manner 
upon exposure to body fluids constitute a very versatile class of actuators that could prove useful in numerous 
applications in biomedicine. Among them, a bilayered cantilever geometry, that reveals a macroscopic curvature 
change Δκ due to different expansion Δε within the individual layers poses a particularly attractive prototype. 
Due to a well-defined structure, it reveals a theoretically well-predictable response given by14
κ
ε
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where Bi = Ei/(1 − vi) and hi denote the biaxial moduli and thicknesses, respectively of the layers i = 1,2 with 
Young’s moduli Ei and Poisson ratios vi. Despite being as simple as this, it could already constitute the basis of a 
stent demonstrator that changes its perimeter upon hydration.
In view of equation (1), maximum curvatures are expected, if sufficiently thin layers are combined in an 
appropriate reference state to yield a large difference in strain upon hydration. Systematic swelling studies of 
electron irradiated gelatin (shown in detail within the Supplementary Figs S1 and S2) indicate reduced swelling 
of high irradiation doses as well as low gel concentrations. Consequently, by combining two layers with low 
concentration and high dose as well as high concentration and low dose, a response to hydration by significant 
deformation is expected.
As a seminal example, we started with a layer of 4 wt% gelatin with a thickness of approx. 1.5 mm, that was 
irradiated with a total dose of 35 kGy after polymerization. Subsequently, a second layer of 10 wt% gelatin with the 
same thickness was deposited on top of the first layer, again polymerized and electron beam treated with a dose of 
5 kGy leading to a final dose of 40 kGy and 5 kGy for the 4 wt% and the 10 wt% layer, respectively, as schematically 
shown in Fig. 1b. Deformation of the gelatin bilayers upon exposition to deionized water at room temperature 
was recorded and evaluated (as shown in Fig. 1), yielding curvature changes and deformation times of more than 
100% and several hours, respectively. A movie showing the deformation of the bending cantilever can be found 
within the Supplementary Video S3).
Programing stimuli responsiveness. In view of potential biomedical applications, stimuli responsive-
ness of electron irradiated gelatin to changes in pH-value as well as salt ion concentration is highly relevant due 
to their presence and as an alternate method for switching. Therefore, swelling of irradiated and unirradiated 
gelatin depending on the pH-value ranging from pH 2 to pH 11 (see Fig. 2) is evaluated. By comparing different 
gelatin types (type A and B), the influence of the isoelectric point (IEP) on swelling is studied. The results show 
a strong dependence of swelling on the pH-value which seems to be correlated to the IEP, where swelling shows 
a minimum.
The impact of varying salt concentrations was analyzed in respect of NaCl as an important salt in living organ-
isms (see Fig. 3). Thereby, NaCl concentrations between 0 M and 0.5 M were studied for similar pH-ranges as 
before. It is shown that an increased concentration of NaCl affects gelatin towards a decreased swelling. However, 
the influence of the salt is minimized close to the IEP.
Discussion
We demonstrated that it is possible to build an active element from electron irradiated gelatin by using a bilayered 
system responding to hydration by deformation. Although the performance characteristics are convincing on 
basic grounds and might be already suitable for biomedical applications, they have a high potential for optimi-
zation, particularly in terms of time scale, magnitude and stimuli responsiveness. While we will devote the rest 
of our manuscript to the latter two, the former is expected to be physically governed by the time required for 
water to diffuse throughout the hydrogel layers. Supposed that the diffusion speed of water within the hydrogel 
is a material’s constant, it is expected that modification of the surface to volume ratio is the method of choice to 
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increase cantilever response speed, that can be realized by going for smaller thicknesses of the bilayers or applying 
porous gelatin15.
Programing a desired shape change upon hydration can be realized by tuning the system’s synthesis con-
ditions. The data obtained within the present (see Fig. 3 and Supporting information Figs S1 and S2) and our 
Figure 1. Time resolved bending of a water-sensing gelatin bilayer. The top layer consists of 4 wt% gelatin 
irradiated with 40 kGy. The bottom layer consists of 10 wt% gelatin irradiated with 5 kGy. The red line represents 
a two-phase exponential decay function. Inset: (a) Scheme of a stent demonstrator, (b) schematic drawing, (c) 
gelatin bilayer in water before deformation and (d) gelatin bilayer in water after deformation. Scale bars indicate 
5 mm.
Figure 2. Ratio of swollen weight to initial weight depending on pH-value of unirradiated 10 wt% gelatin (a 
and b) and samples irradiated with 40 kGy (c and d). Two gelatin types, type A (a and c) and type B (b and d) 
were investigated. Swollen weights were determined after 24 h. The dashed lines indicate the range of the IEP. 
The pH-value was reached by using H2SO4 (green), deionized water (grey) and NaOH (red).
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previous studies10 regarding the dependence of gelatin swelling on gel concentration, irradiation dose, pH-value 
and salt concentration constitute a sufficiently large database of synthesis parameters. Sticking exactly with the 
cantilever geometry realized above, differences in swelling ratios of more than 500%10 promise radii of curvatures 
below 1 mm upon hydration. In view of equation (1), further improvement of the deformation can be achieved 
by a decrease of layer thickness as well as elastic modulus. While the former can be easily realized, the latter one is 
restricted by the system stability. An increase in elastic modulus can be achieved by decreasing gel concentration 
and irradiation doses. However, both adaptions lead to loss in stability and thereby functionality of the system. 
This has to be taken into account when developing such a bilayered system. Furthermore, larger deformation 
effects are certainly possible by employing a lever-type of geometry, e.g. by extending the ends of the cantilever 
with “passive” material, while keeping the cantilever as active element. This constitutes an approach of mechanical 
amplification, that is quite common in the field of more traditional “shape changing materials”16.
Our investigations of swelling dependency on the pH-value indicate a strong dependence on the pH-value for 
both types of unirradiated gelatin (Fig. 2a and b) and irradiated gelatin type B (Fig. 2d). Close to the IEP, swelling 
is decreased while it increases with increasing distance to the IEP. These results correspond to observations from 
Yang et al.17. The swelling minimum at the IEP is explained by a lack of ion-solvent electrostatic effects. The gel-
atin polymer has no net charge and therefore, no osmotic pressure is generated by electric charge differences18. 
In view of equation (1), the term πion plays no role at the IEP and swelling just depends on πel and πmix, i.e. gelatin 
concentration and degree of crosslinking. However, with increasing distance from the IEP, osmotic pressure is 
generated by differences in electric charges and thus swelling increases as seen in the experiments. However, 
there is no significant dependency of swelling of irradiated gelatin type A on the pH-value (Fig. 2c). As a result 
of electron irradiation, swelling is decreased (as shown in Supplementary Fig. S2 and earlier studies10) so that the 
influence of the pH-value vanishes and no pH dependence can be observed.
Our investigations further show stronger swelling at pH 2–3 (Fig. 2a and d). At this pH-value, gelatin has 
its dissociation maximum, i.e. there is a maximum of free ions in the gel. Regarding to the contributions to the 
osmotic pressure, the influence of πion maximizes which explains the observed increase in swelling. By decreas-
ing the pH-value beyond the dissociation maximum at pH 2–3, the conjugated base of the added acid combines 
with the protein ions into a protein salt. Thereby, the amount of free ions is reduced which reduces the osmotic 
pressure and the swelling decreases again (Fig. 2a and d). However, no peak is observed for unirradiated type B 
gelatin (Fig. 2b) and for irradiated type A gelatin (Fig. 2c) caused by dissolution of the samples and the strong 
decrease in swelling, respectively. A similar effect as for small pH-values is observed at higher pH values than the 
IEP (Fig. 2a,b and d). At a basic pH-value, the gelatin is negatively charged and the osmotic pressure increases 
with increasing pH-value due to the Donnan effect. Similar to small pH values, gelatin has also a dissociation 
maximum at high pH-values. However, no swelling maximum (as in Fig. 2a and d) at high pH values could be 
observed for all measurements as it was impossible to reach higher pH values due of the amphoteric character of 
gelatin. The gelatin buffers the basic solution to pH values under pH 11, so no higher pH-values can be reached.
The salt depending swelling measurements indicate a large impact of salt such as NaCl on swelling of 
crosslinked gelatin. Close to the IEP, high concentrations of NaCl slightly support swelling while low concen-
trations decrease swelling. This effect is explained by the larger amount of salt ions diffusing into the polymer 
network and transporting additional water molecules into the gel. In contrast, close to the dissociation maximum 
of gelatin around pH 2–3, the opposite is observed; high NaCl concentrations hinder swelling while low concen-
trations support swelling. At the dissociation maximum, the high amount of protein ions creates high osmotic 
pressure increasing swelling ability. However, by adding large amounts of salt, the free salt ions reduce the impact 
of the protein ions on the osmotic pressure and so swelling is reduced. The results further show a pH-independent 
and constant ratio of swollen to initial weight of approx. 2 for all gels treated with 0.5 M NaCl indicating that with 
Figure 3. Ratio of swollen weight to initial weight of 10 wt% type A gelatin after 24 h in solution with different 
pH-values and NaCl concentrations. The pH-values were adjusted by H2SO4 (green), deionized water (grey) and 
NaOH (red). The NaCl concentrations are represented by different brightness from light to dark for 0, 0.005, 
0.05 and 0.5 M. The dashed lines indicate the range of the IEP.
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increasing NaCl concentration gelatin swelling becomes more and more independent from the pH-value and thus 
the degree of dissociation.
Concerning applications of such a bilayer element at physiological conditions, the response at a pH of 6–8 and 
a NaCl concentration of 0.15 M has to be considered. At the relevant pH-range, type A and type B gelatin show the 
lowest differences in swelling between unirradiated and irradiated samples. However, the difference is sufficient to 
obtain deformations as demonstrated before (see Fig. 1 and Supplementary Video S3). Adaption of the response 
can be improved by adaption of geometry and element structure. At physiological NaCl concentrations, swelling 
of unirradiated type A gelatin is slightly increased compared to the absence of NaCl. This would lead to an even 
higher deformation-response of the system.
The obtained results indicate that, as an option for ex vivo applications, the response can be additionally tuned 
by adaption of pH and salt concentration beyond physiological conditions leading to stronger deformation.
Conclusion
In conclusion, we demonstrated how to build a highly promising actuating bilayer system composed of the 
biopolymer gelatin which is crosslinked using electron beam treatment and thereby usable for biomedical appli-
cation. Its stimuli responsiveness can be appreciably tuned by varying material properties such as gel concen-
tration and irradiation dose and can be extended to further environmental factors, including pH-value and salt 
concentration. Although, gelatin swelling in dependence on salt and pH was evaluated before17,19, it is investigated 
for the first time for electron treated gelatin.
Our investigations suggest that such a biocompatible demonstrator provides a wide range of applications 
such as bio-sensor or bio-actuator (e.g. self-expanding stents) in biomedicine. Furthermore, our demonstrated 
approach of electron-beam assisted programming of actuators can readily be realized in classical electron beam 
lithography systems, enabling realization of highly variable and complex actuators and actuator arrays from 
micro- to macro-scales. These will be the basis for complex stimuli-responsive shape changing elements that 
reversibly transform e.g. towards a programed shape by unfolding.
Methods
Gelatin sample preparation. The gelatin samples were prepared by using gelatin type A and B from por-
cine and bovine skin (G2500 and G9382, Sigma-Aldrich Chemie GmbH, Germany) with nominal gel strengths 
of 300 and 225 Bloom, respectively. The gelatin powders were dispersed in deionized water with concentrations 
of 4, 6, 8 and 10 wt%. The gelatin was allowed to swell for one hour. Afterwards, the mixture was heated up to 
60 °C until it was liquefied and the gelatin was homogeneously dispersed. The solution was poured into cylindrical 
molds with a diameter of 12.6 mm and a length of approx. 5 mm. The gelatin polymerized for at least two hours at 
8 °C. Before the samples were irradiated, they were purged with nitrogen and the molds were subsequently sealed 
to avoid contact with oxygen and undue dehydration.
Electron irradiation. Electron beam treatment was performed using a 10 MeV linear electron accelerator 
(MB10–30MP; Mevex, Ontario, Canada). The accelerator is equipped with a moving stage (repetition rate of 
180 Hz) and used an electron pulse with a length of 8 μs. A scanning horn with a scanning frequency of 3 Hz 
scanned the electron beam over the sample. The final doses were obtained in steps of 5 kGy. The doses were 
measured with respect to a graphite dosimeter to an uncertainty of 10%. During electron beam treatment, the 
samples were airtight sealed within plastic bags and cooled using cooling packs to prevent exposure to oxygen 
and overheating, respectively.
Swelling studies. After irradiation, the samples were dried over 3 days under an extractor hood at room 
temperature. The samples were subsequently immersed into deionized water, in which the desired acidic and 
basic pH-values and salt concentrations were obtained by adding 96% concentrated H2SO4, 0.1 M NaOH and 
NaCl, respectively. Sample masses were repeatedly determined as function of time with an error less than 0.1 mg 
until saturation and normalized to their dried mass prior to swelling. Saturation was always reached after swelling 
for 24 hours.
Cantilever curvature measurement. After storing the gelatin bilayers at 8 °C, an USB 3 uEye ML camera 
(IDS Imaging Development Systems GmbH, Germany) was employed to record movies of the temporal evolution 
of the shape. Special focus was laid on the curvature change that was extracted with the help of the digital imaging 
processing software Fiji20 and the plugin Three Point Circular ROI.
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Figure S1. Time-resolved ratio of swollen weight m and weight after irradiation m0 of gelatin samples with 
different gel concentrations irradiated with electron doses of 10 kGy. The samples were allowed to swell in 
deionized water until saturation. Data points and error bars indicate average of 12 samples and standard 
deviation, respectively. 
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Figure S2. Time-resolved ratio of swollen weight m and irradiated weight m0 of gelatin samples with a gelatin 
concentration of 8 wt% irradiated with different electron doses. The samples were allowed to swell in 
deionized water. Data points and error bars indicate average of 12 samples and standard deviation, 
respectively. 
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Video S3. Gelatin-bilayer shows bending deformation in contact with water: the top layer consists of 4 wt% 
gelatin irradiated with 40 kGy, the bottom layer consists of 10 wt% gelatin irradiated with 5 kGy. Differences in 
swelling ability cause deformation of the system. The video shows this deformation (looped four times). 
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3.4 Mechanically Patterned Gelatin Surfaces
The content of this chapter has already been published [41].
Reprinted with permission from S. Riedel, K. Bela, E. I. Wisotzki, C. Suckfüll, J. Zajadacz and S.
G. Mayr, Reagent-free mechanical patterning of gelatin surfaces by two-step electron irradiation
treatment, Materials & Design, 2018, 153, 80. Copyright 2018 by Elsevier.
DOI: https://doi.org/10.1016/j.matdes.2018.04.076
Scientific Contribution
The investigation of cellular behaviour such as the migration in matrices with varying stiffness
is essential to understand processes such as metastasis, i.e. spreading of tumour cells by mi-
gration. To understand the underlying principles, these situations have to be modelled under
experimental conditions. Therefore, precisely modified biological matrices and substrates are
necessary. This project describes an advantageous process to develop mechanically modified
gelatin hydrogels for such needs. This procedure convinces by the absence of additional resid-
uals such as chemical crosslinkers. So no additional or even toxic residuals can influence the
cellular behaviour. By adaption of the process parameters, a variety of modifications are pos-
sible leading to a variety of possible applications for the here presented mechanically patterned
gelatin substrates.
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H I G H L I G H T S
• Mechanically patterned gelatin repre-
sents highly attractive functionalized
material for biomedical applications.
• The presented two step-process utiliz-
ing electron irradiation is used to me-
chanically pattern the bio-hydrogel
gelatin.
• Electron irradiation allows reagent-free
patterning without using additional
toxic components.
• The presented process enables pattern-
ing of gelatin in a μm and potentially
sub-μm range.
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Spatial control of mechanical properties of hydrogels such as gelatin is of high interest in order to develop highly
functionalized substrates for applications in tissue engineering and biomedicine. Established methods to me-
chanically pattern hydrogels, including photolithography and ink-jet printing, employ additional reagents to in-
duce changes in the network towards local differences in stiffness. Due to possible toxicity of these incorporated
agents, reagent-free techniques are highly desirable for any biomedical ﬁeld of application. Within the present
work, we introduce a two-step process in which the focused electron beam of an electron beam lithography sys-
tem is ﬁrst utilized to obtain mechanical patterns in μm-range on air-dried gelatin substrates without any addi-
tional reagents. In a second step, these functionalized gelatin substrates are stabilized against gel-sol-transition
for physiological conditions by global electron irradiation in the hydrated state by induction of polymer
crosslinking. This work investigates precise mechanical patterning of gelatin obtained by this two-step
functionalization process using ﬁrst local and then global electron irradiation. Therefore, structural andmechan-
ical characterization was performed by atomic force microscopy in the air-dried and rehydrated state. These
qualitative and quantitative analyses show that excellent mechanical patterning of gelatin hydrogels can be
achieved by the presented reagent-free two-step process.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Mechanically patterned hydrogels present highly promising func-
tionalized substrates for a variety of applications such as engineered
substrates [1,2], biomimetic tissues [3,4], drug delivery systems [5],
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bioactuators [6] and -sensors [7]. Established techniques to obtain local
differences of mechanical properties in polymers such as hydrogels in-
clude photolithography [8,9], halftone gel lithography [10] or electri-
cally assisted ionoprinting [11]. However, all these methods require
additional reagents which can be inapplicable for biomedical applica-
tions due to possible toxicity. We believe that reagent-free mechanical
patterning using a two-step process utilizing electron irradiation is an
effective and promising method to precisely control spatial material
mechanics of gelatin hydrogels with high resolution in the μm-range
and even lower [12].
Modiﬁcation of polymeric materials by focused electron irradiation
is commonly used in electron-beam lithographywhere a highly focused
electron beam is scanned in a programmable pattern over a polymer.
Thereby, the solubility of the polymer is locally modiﬁed by
irradiation-induced processes, either by crosslinking (reducing solubil-
ity) or by degradation (improving solubility) [14]. Afterwards, the pat-
tern is obtained by applying a developer solution removing the
soluble areas of the polymer. The patterned polymer is then used as
an etching-mask. However, in the presented study the patterned gelatin
is not intended as an etchingmask. Here, focused electron irradiation as
provided in an electron-beam lithography setup is utilized to directly
functionalize air-dried gelatin in order to obtain a mechanically pat-
terned surface.
While electron beam irradiation was already investigated to topo-
graphically pattern nm-thin biomolecule layers by degradation-
induced ablation [15,16], here the potential of focused electron irradia-
tion to mechanically pattern gelatin additionally is investigated. There-
fore, the focused electron beam with a beam diameter of a few nm is
scanned in a programmable pattern over an air-dried gelatin layer
which was applied to a conductive n-doped silicon substrate to prevent
charging effects by enabling electron ﬂow to the ground (see Fig. 1). The
gelatin substrateswere irradiated in awell-deﬁned pattern of irradiated
and non-irradiated stripes each with a width of 1 μm. After irradiation,
topographical andmechanical investigationswere performed by atomic
force microscopy (AFM).
After mechanical patterning, an additional step is necessary to stabi-
lize gelatin against gel-sol-transition (further called “GST-stabilization”)
for use at physiological conditions. Since unstabilized gelatin has a GST-
temperature below human body temperature [17], the stability of gela-
tin has to be enhanced. This can be achieved by polymer crosslinking
[18] for which several methods exist such as polymerization of mono-
mers, vulcanization [19,20], chemical crosslinking [21,22] or ionizing ra-
diation [23–25]. An advantageous technique to crosslink hydrogels
utilizes homogeneous exposure to an electron beam. Thereby, no addi-
tional reagents are necessary such as chemical crosslinkers which could
inﬂuence material toxicity [26]. Compared to other ionizing radiation
techniques such as UV and gamma-radiation, electron irradiation
achieves higher penetration depths [27] and crosslinking rates [28], re-
spectively. During electron irradiation, the formation of radicals in the
hydrated polymer network is induced, which then recombine into
crosslinked covalent bonds [18]. Therefore, the presence of water is re-
quired, primarily to obtain •OH-radicals which attack the polymer chain
leading to formation ofmacroradicals which recombine into the desired
covalent crosslinks [18]. In addition, the present water increases the
mobility of these macroradicals which supports radical recombination
[29]. In fact, this second stabilizing step is necessary because irradiation
in the dried state as performed in the patterning step does not lead to a
stabilizing crosslinking but to a breakdown of the polypeptide chains
[23]. A breakdown of the polymer chains leads to an increase in solubil-
ity. The following work investigates the potential of this two-step pro-
cess to obtain mechanically patterned and GST-stabilized gelatin
surfaces with potential applications in biomedical ﬁelds.
2. Materials and methods
The gelatin solution was prepared by mixing gelatin powder
(G2500; Sigma-Aldrich Chemie GmbH, Germany) with deionized
water to obtain a concentration of 6 wt%. Gelatin powder was allowed
to swell for 1 h. The mixture was heated to 50 °C until it was homoge-
neously liqueﬁed and kept at 50 °C before processing. The liqueﬁed gel-
atin solution was coated onto a conductive n-doped silicon wafer by
spin coating (1000 rpm) to obtain layers with a thickness of approx. 1
μm. Gelatin layers were air-dried for one day at room temperature
(RT). Thermogravimetric analysis evaluated a residual water content
of approx. 12 wt% in the air-dried samples.
Sample patterning was performed by a focused electron beam pro-
vided in an electron-beam lithography system (eLine Worksation;
Raith GmbH, Germany) with an acceleration voltage of 20 kV and a
beam current of approx. 21 pA. Fields of 100 × 100 μm of the samples
were irradiated in a stripe pattern of irradiated and non-irradiated
stripes eachwith awidth of 1 μm.With a spot size of 4 nm and an expo-
sure time of 9 μs per spot, surface charge densities of 1200 μC/cm2 were
obtained. In addition to the stripe pattern, a control ﬁeld of 70 × 100 μm
was homogeneously irradiated with the same irradiation conditions.
The control ﬁeld was used to identify the irradiated areas.
After patterning, the substrates were crosslinked by global electron
irradiation to stabilize them against GST. Therefore, the samples have
been rehydrated for 20 min in deionized water at RT. Thereby, they
took up water twice as much as after preparation leading to a gelatin
concentration of 4wt% [25] (at swelling equilibrium). These rehydrated
Fig. 1. Schematic image of the two-stepprocess to obtainmechanically patterned gelatin hydrogels. Step I: The focusedelectron beamof anelectron-beam lithography system is scanned in
a stripe pattern over a dry gelatin layer whichwas applied onto a conductive n-doped siliconwafer. Step II: Global irradiation of the patterned samples completely coveredwithwaterwas
used to stabilize the gelatin surfaces against gel-sol-transition.
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sampleswere irradiated by a 10MeV linear electron accelerator (MB10-
30MP; Mevex, Ontario, Canada) while completely covered with water.
Irradiation was performed by a pulsed electron beam with a repetition
rate of 180 Hz and a pulse duration of 8 ms. The electron beam was
scanned over the sample with a scanning frequency of 3 Hz. The ﬁnal
dose of 40 kGy was achieved in steps of 5 kGy. The dose was measured
with respect to a graphite dosimeter. Thereby, the dose is determined to
an uncertainty of 10%. After irradiation, the samples were dried (resid-
ual water content of approx. 12%) until they were analyzed by AFM.
The structure andmechanics of the patterned samples were investi-
gated by atomic force microscopy (Dimension Icon; Bruker Nano Sur-
faces, Germany) in peak force tapping mode. Therefore, tip-cantilever
MPP-13120-10 (k = 200 Nm−1; Bruker Nano Surfaces, Germany),
CONT-MP (k = 0.08 Nm−1; Nanosensors, Germany) and qp-BioAC (k
= 0.1 Nm−1; Nanosensors) were used for the analysis of the dried,
rehydrated and GST-stabilized samples, respectively. The two latter
samples were measured in water after 20 min rehydration time where
they reached swelling equilibrium (gelatin concentration of approx.
4 wt%). The measurements in water were performed with an accessory
option (ﬂuid cell) for the AFM (ICONEC-V2-NOPOT; Bruker AXS S.A.S.,
France). Stiffnesses were characterized by the elastic modulus (E-mod-
ulus) determined by the DMT-model [30]. The dry and wet AFM mea-
surements after the ﬁrst processing step (local irradiation in dry state)
were performed at RT to avoid dissolution of the gelatin layers. The
AFMmeasurements after the second processing step (global electron ir-
radiation in wet state) were then performed at 37 °C to ensure thermal
stability at physiological conditions. Altogether, three times 4 samples
were prepared. Since we experienced excellent reproducibility of the
patterns, exemplary data will be shown in the presented work.
3. Results and discussion
In order to identify the irradiated areas, analysis of the control ﬁeld
was performed. The control ﬁeld was irradiated with the same condi-
tions as the patterned samples but without any pattern. This analysis
showed that the irradiated areas are characterized by decreased height
and increased stiffness (not shown here) leading to the conclusion that
the lower stripes are the irradiated ones. To verify that patterning had
been successfully conducted, we investigated the gelatin surfaces by
AFM after each processing step. First, we imaged the dry surfaces after
the ﬁrst step of electron beam patterning. Exemplary topographical
and mechanical AFM images are presented in Fig. 2. The corresponding
proﬁles are shown in Fig. 3. The substrate shows clear stripes with
widths of 1 μm and well-preserved periodicity suggesting successful
patterning using focused electron beams. The stripes have height differ-
ences of approx. 20 nm. The corresponding stiffness map representing
the local E-modulus shows a clear stripe pattern with the same geome-
try as the topographical pattern. Themechanical proﬁle shows a pattern
with an excellent periodicity and moduli in the range of approx.
1.5–3 GPa, which corresponds well with previous studies on the me-
chanical properties of dried gelatin type B [31]. By analyzing the pla-
teaus, the stiffness of the stripes can be obtained. This analysis leads to
small differences in elastic modulus between the irradiated (approx.
2.25 GPa) and non-irradiated stripes (approx. 1.75 GPa), as shown in
Fig. 3. The observed maximum and minimum peaks occur due to scan-
ning direction and scanning speed. The stiffness was determined just in
retrace-direction. Thereby, the cantilever tip runs into and falls down a
ridge. Thereby, the cantilever senses higher and lower moduli, respec-
tively. This could be reduced by reducing the scanning speed, but to
avoid high measurement times, a faster scanning rate was used leading
to the observed peaks. However, these peaks can be neglected and the
moduli of the stripes can be obtained by analyzing the plateaus.
This ﬁrstmodiﬁcation step (local irradiation) differs from the second
(global irradiation) in three key aspects, viz. i) it is performed on dry
gelatin, ii) it employsmuch lower electron energies (20 keV) and iii) re-
alizes higher exposure doses of 1200 μC/cm2, corresponding to approx.
15 MGy (as inferred from the electronic stopping powers [32]). Due to
the absence of water (i) a hydroxyl radicalmediated crosslinkingmech-
anism becomes negligible, therefore chain scission will prevail in dried
gelatin [33]. For this process, the signiﬁcantly lower energies (ii) are
still sufﬁcient to initiate homolytic scission and in combination with
very high doses (iii) electron beam treatment will certainly lead to
very profound splitting of gelatin chains, even in absence of water.
Due to a very limited mobility within the dried state [34] crosslinking
is only expected at “crossing points” of gelatin chains, e.g. around triple
helices, whereas fragmentation is expected to dominate otherwise. The
resulting network structure is thus expected to be a degenerated net-
work, comprised of smaller units, crosslinked in regions related to triple
helical structures. On the dry gelatin surface, irradiation-induced degra-
dation might lead to additional surface removal in a range of a few nm
Fig. 2. AFM images of dry gelatin layers which were patterned by focused electron irradiation. (a) Topographical image showing height information of the layer. (b) Mechanical image
showing local E-modulus.
Fig. 3. Topographical and mechanical proﬁle of the stripe pattern in the dry state of
patterned gelatin using focused electron irradiation: (a) height and (b) E-modulus.
Height and modulus proﬁles were obtained by horizontal averaging the whole image.
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as observed before [15,16] resulting in the obtained differences in stripe
height. Furthermore, the stiffening of the irradiated areas can be ex-
plained by degradation-induced increase in density. Here, thermal ef-
fects such as heat induced ablation can be neglected since the electron
power density (≈3 × 106 W/cm2) does not exceed the ablation thresh-
old of condensed media (≈108 W/cm2 [35]) and we were able to esti-
mate an increase of local temperature of less than 5 K by solving the
heat conduction equation for a bilayered system (1 μm thick gelatin
on top of a Si substrate) with ﬁnite element calculations and Monte
Carlo simulations (not shown here). This change in local temperature
is too low to induce thermal ablation. The maintenance of this mechan-
ical pattern after re-hydration is discussed in the following.
Analysis of structure and mechanics of the rehydrated gelatin layers
was conducted before thermal stabilization by the second processing
step (global electron irradiation). The AFM investigations were per-
formed in humid conditions at RT. Measurements at 37 °C already
showed thermal instability leading to dissolution and thus loss of the
patterned gelatin layer (not shown here). Exemplary AFM images and
corresponding proﬁles of the measurements at RT are presented in
Fig. 4 and Fig. 5, respectively. The images show well-deﬁned stripes
after rehydration and thereby well-maintained patterning. Compared
to the samples in the dry state, the structures are not as distinct due to
a reduced lateral resolution for AFM measurements of soft samples
caused by an increased indentation depth and thus increased contact
area [36]. However, the stripes are clearly visible and the pattern
shows awell-preserved periodicity. Both, topographical andmechanical
images show stripes with widths of approx. 1 μm. With a height of
approx. 40 nm, the stripes are 1.5 times higher than in the dry state.
This height difference demonstrates that the topography is affected by
swelling and there are differences in swelling behavior between the ir-
radiated and unirradiated stripes leading to the observed increase in
height differences.
Mechanical investigations show a signiﬁcant decrease in modulus
from GPa in the dry state down to kPa-regime for the rehydrated sam-
ples. They show moduli of approx. 30 and 400 kPa for the unirradiated
and irradiated areas, respectively. The irradiated stripes are signiﬁcantly
stiffer than the unirradiated ones, indicating successful mechanical pat-
terning of the sample.
In the second processing step, the gelatin layers were GST-stabilized
against dissolution at physiological conditions. Therefore, global irradi-
ation with a dose of 40 kGy was performed in the hydrated state. After-
wards, the patterning quality was again investigated by AFM. To
demonstrate stability, these measurements were performed at physio-
logical temperatures (37 °C). Exemplary AFM images of height and stiff-
ness are shown in Fig. 6. The corresponding proﬁles are shown in Fig. 7.
Apparently, the stripe pattern is excellentlymaintained after this proce-
dure and stable at physiological temperatures. The pattern shows simi-
lar stripe heights as before (approx. 40 nm) but the mechanical
investigations show a general stiffening of the sample. The lower stripes
which were already irradiated in the ﬁrst processing step show now an
averaged modulus of approx. 1000 kPa while the previously unirradi-
ated stripes show a modulus of 120 kPa. So both, the unirradiated as
well as irradiated areas show an increase in elastic modulus by factor
3–4 indicating generalmatrix stiffening. That increase in stiffness corre-
spondswell to our previous studieswhere it was shown that irradiation
of gelatin hydrogels with 10 MeV electrons in wet conditions results in
dramatic change of mechanical properties already at doses as low as
some kGy [25]. These results have been interpreted in terms of covalent
crosslinks inserted within the network due to energetic radiation [18].
In addition, we could conﬁrm thermal stability at physiological condi-
tions. This stabilization is also associated with the crosslinking induced
by the second processing step.
Concerning stability of the mechanical pattern, long-term stability is
expected since the irradiation-induced covalent crosslinking is highly
stable over long periods of time [26,37]. Therefore, it is reasonable to as-
sume that long-term stability in dried as well as hydrated state is given.
From theperformed experiments,we experienced excellent stability for
at least hours and weeks for the hydrated and dried samples, respec-
tively. This two-step process thus enables precise mechanical pattern-
ing with small topographical differences of max. 40 nm. In order to
refer to pure mechano-sensing, the cellular response on this height dif-
ference has to beminimized. Since this response, so called contact guid-
ance, is highly cell-type and geometry depending [38], this has to be
adapted for the speciﬁc requirements and applications. In the case of ﬁ-
broblasts on silicon wafers with similar grooved structures as described
here, the contact guidance thresholdwas determined at 35 nm [39], but
for the here presented samples, this has to be investigated inmore detail
in an additional project. However, the topographical differences can po-
tentially be adapted by adjusting the process parameters such as irradi-
ation dose. In addition, stiffness can further bemodiﬁed by varying local
Fig. 4. AFM images of patterned gelatin layers in the wet state after 20 min rehydration. (a) Topographical image showing height information of the layer. (b) Mechanical image showing
local E-modulus.
Fig. 5. Topographical and mechanical proﬁle of the stripe pattern after rehydration:
(a) height and (b) E-modulus. The proﬁles were obtained by horizontal averaging the
whole image.
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and global irradiation dose as well as gelatin concentration for speciﬁc
applications. Generalization to other bio-derived hydrogels, including
collagen, seems feasible, while it is expected that the attainable spatial
resolution of the patterns will clearly be affected by the polymer length.
4. Conclusion
The performed experiments show excellent patterning of gelatin
surfaces by the described two-step-process involving local as well as
global electron irradiation for patterning and thermal stabilization, re-
spectively. Our investigations indicate that focused electron irradiation
as used in electron-beam lithography is an effective and precise
reagent-free technique to mechanically pattern hydrogels such as gela-
tin in order to obtain functionalized biomaterials and -surfaces. We
were able to show that gelatin layers have a precise topographical and
mechanical pattern with excellent periodicity after local irradiation in
the dry state and following rehydration. Irradiation using highly focused
electron beams further enables creation of various different patterns in
the μm-range and even lower. Global electron irradiation in wet condi-
tions further induces thermal stability of the functionalized layers for
possible biomedical applications. By varying the hydrogel, irradiation
conditions, as well as gel concentration, customization of the reagent-
free mechanically patterned polymer substrate is possible.
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3.5 Topographically Patterned Gelatin Surfaces
The content of this chapter is accepted for publication [42].
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Scientific Contribution
Functionalization of hydrogel surfaces by topographical patterning is a highly promising ap-
proach to promote contact guidance of cells on these materials. This might support cell viability
and tissue formation. Therefore, it is of high importance to develop techniques which precisely
pattern biomimetic materials such as biological hydrogels. The presented project continues an
earlier study of Heyart et al. [85] where gelatin hydrogels are micro-patterned via electron-
beam-crosslinking assisted moulding. In addition to these previous studies, the dependence of
pattern transfer on electron dose and gelatin concentration is investigated. Furthermore, long
time stability tests at physiological conditions are performed to ensure pattern stability over
several weeks. Excellent cytocompatibility of these micro-patterned gelatin hydrogels is verified
via cell tests using HUVECs and HPFF cells. These results indicate a high potential of to-
pographically patterned and electron beam stabilized gelatin hydrogels as functional materials
promoting cell and tissue development.

Contact Guidance by Microstructured Gelatin Hydrogels for
Prospective Tissue Engineering Applications
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ABSTRACT: Design of functionalized biomimetic scaﬀolds is
one of the key approaches for regenerative medicine and other
biomedical applications. Development of engineered tissue
should optimize organization and function of cells and tissue
in vitro as well as in vivo. Surface topography is one factor
controlling cellular behavior and tissue development. By
topographical patterning of biocompatible materials, highly
functionalized scaﬀolds can be developed. Gelatin is hereby a
promising candidate due to its biocompatibility and
biodegradability. It is low in cost and easy to handle, enabling
a variety of applications in science and medicine. However, for
biomedical applications at physiological conditions, gelatin has to be additionally stabilized since its gel−sol-transition
temperature lies beneath the human body temperature. This is realized by a reagent-free cross-linking technique utilizing
electron beam treatment. By topographical patterning, gelatin can be functionalized toward scaﬀolds for cell cultivation and
tissue development. Thereby, customized patterns are transferred onto gelatin hydrogels via molds. Thermal stabilization of
gelatin is then achieved by electron-induced cross-linking. In this study, we investigate the inﬂuence of gelatin concentration and
irradiation dose on pattern transfer, long-term stability of topographically patterned gelatin hydrogels, and their impact on the
cellular behavior of human umbilical vein endothelial cells as well as normal human dermal ﬁbroblasts. We will show that
contact guidance occurs for both cell types due to a concrete stripe pattern. In addition, the presented studies show a high
degree of cytocompatibility, indicating a high potential of topographically patterned gelatin hydrogels as tissue development
scaﬀold for prospective biomedical applications.
KEYWORDS: microstructured gelatin, biomimetic material, long-time stability, biological coating, contact guidance
1. INTRODUCTION
Biomedical tissue engineering designs functionalized materials
to develop biomimetic scaﬀolds1 for regenerative medicine,2,3
drug delivery,4,5 or implant development.6,7 Functionalized
matrices can then be used as substrates for the cultivation of cells
and as tissue for regenerative medicine8,9 and other biomedical
applications since cells might show a speciﬁc response to
structured surfaces.10−12 Thereby, these materials facilitating
rapid and guided migration of cells will promote tissue
regeneration.13
As substrate materials, natural and artiﬁcial hydrogels are a
good choice since they resemble the native extracellular matrix
(ECM). A highly promising hydrogel is gelatin, which is derived
from native collagen and exhibits a high degree of biocompat-
ibility and biodegradability as well as low cost, increasing its
attractiveness for tissue engineering and biomedical applica-
tions.
Scaﬀold functionalization can be of chemical or physical
nature. The latter one relates to the material architecture
promoting tissue organization and function and can be obtained
by scaﬀold patterning. In doing so, a topographical pattern is
created on top of or within the matrix via patterning techniques,
such as molding,14,15 soft lithography,16 photolithography,17,18
three-dimensional (3D) printing techniques,19,20 or combina-
tions.21 Within this study, we concentrate on patterning by
molding. This simple method utilizes molds to transfer a
customized pattern onto the matrix. For hydrogels, the mold is
applied in sol state. After polymerization and transition into gel
state, the hydrogel shows a negative of the pattern.
In the case of gelatin hydrogels, this transferred pattern has to
be stabilized since heating would lead to gel−sol transition
because gelatin has a low gel−sol-transition temperature.22 This
would cause loss of the pattern. However, with cross-linking,
gelatin can be stabilized against gel−sol-transition.23 Electron
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beam treatment was already shown to be a highly eﬀective and
advantageous reagent-free technique to cross-link hydrogels
such as gelatin.24 Compared with methods utilizing other
ionizing radiations such as γ- and UV-radiation, electron-
induced cross-linking is more favorable due to higher radiation
rates25 and depths,26 respectively.
Due to high-energy electron irradiation, highly reactive
radicals are created on the polymeric chains.27 These radicals
recombine and form cross-linking covalent bonds. They stabilize
the polymeric network, inducing thermal stabilization as well as
changes in rheological and geometric properties.24 By thermal
stabilization of gelatin via cross-linking, the transferred pattern
can be ﬁxed against changes in temperature.
The following study is focusing on topographically patterned
gelatin substrates that were prepared by molding using silicon
templates, as described by Heyart et al.28 We performed
additional investigations on how the quality of pattern transfer is
aﬀected by gel concentration, irradiation dose, and long-time
storage at physiological conditions up to 40 days. For
prospective applications as a culture substrate for regenerative
medicine, cytocompatibility of human umbilical vein endothelial
cells (HUVECs) and primary normal human dermal ﬁbroblasts
(NHDFs) cultured on patterned gelatin substrates was
investigated.
2. RESULTS AND DISCUSSION
2.1. Pattern Transfer. Successful pattern transfer by the
described technique was already demonstrated by Heyart et al.28
The herein presented study additionally investigates the
inﬂuence of gelatin concentration and irradiation dose on the
transferred pattern as well as long-time stability.
Generally, it can be observed that the preparation technique
by Heyart et al. is reproducible because the presented samples
show similar results. Pattern transfer as a function of gelatin
concentration was studied using concentrations of 4, 6, 8, 10, 12,
14, and 16 wt %, irradiated with a dose of 40 kGy. The results are
shown in Figure 1. These investigations indicate a clear
concentration dependence. Higher concentrations lead to
higher and wider structures. However, the presented results
indicate a transfer optimum at concentrations around 12−14 wt
%. Lower concentrations end up in a worse pattern transfer. A
slight decrease in widths for 16 wt % samples might also indicate
a worsened pattern transfer for higher concentrations.
Smaller structure sizes for lower concentrations can be
explained by electron cross-linking-induced shrinking. All
samples shrink during irradiation, but lower gelatin concen-
trations shrink more, as shown by Wisotzki et al.24 According to
these studies, a 4 wt % sample (40 kGy) shrinks to approx. 80%
of its width whereas 10 wt % (40 kGy) gelatin shrinks to approx.
94% width during irradiation. In this work, the structures on a 40
kGy 4 wt % sample correspond to 86% width of the grooves on
the template, and the structures on a 40 kGy 10 wt % sample
correspond to 92% of the template width. These results correlate
well with the data found by Wisotzki et al.
Impaired pattern transfer for higher concentrations might be a
result of increased viscosity, which inﬂuences the ﬂow of liquid
gelatin into the template structures or might be caused by poor
template separation due to increased brittleness of highly
irradiated gelatin.24
Pattern transfer depending on irradiation dose was inves-
tigated for 10 wt % gelatin samples irradiated with doses of 0, 5,
40, 60, and 100 kGy (Figure 2). The data reveal that the heights
of the structures are changing with increasing dose. Groove
heights are the smallest for unirradiated gelatin gels. This can be
explained by a poor separation from template and hydrogel.
Unirradiated gelatin is quite soft compared with irradiated
gelatin,24 which causes gelatin to partially stick onto the
template, leading to an impaired pattern transfer. With
increasing irradiation dose, the pattern transfer is improved
due to increased stiﬀness of gelatin, as indicated by increased
groove heights. Our studies indicate an optimal pattern transfer
at doses of 40 kGy. Groove widths show almost no signiﬁcant
dependence on irradiation dose. They are much more stable
than groove heights. Only samples with 40 kGy show decreased
widths, which is also explained by the separation of gelatin from
the template.
2.2. Long-Term Stability. Topographically patterned
gelatin was tested for its long-term stability under physiological
conditions. Structured samples of 10 wt % gelatin were
irradiated with 40 kGy and stored covered with phosphate
buﬀered saline (PBS) at 37 °C, 5% CO2, and 100% humidity.
Surface images were taken after 1, 5, 19, and 40 days (Figure 3).
Figure 1. Groove heights and widths of gelatin hydrogels after pattern
transfer depending on gel concentration. Error bars indicate standard
deviation. Asterisks represent signiﬁcance compared to previous
concentration (ns: no signiﬁcance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p
≤ 0.001).
Figure 2. Groove heights and widths of gelatin hydrogels after pattern
transfer depending on the irradiation dose. Error bars indicate standard
deviation. Asterisks represent signiﬁcance compared to previous dose
(ns: no signiﬁcance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001).
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On the ﬁrst day, the sample shows some surface waviness,
which disappeared by day 5. The structures are well-formed and
stable over a long time. On day 40, the structures start showing
softened and eroded edges but are still clearly present. This
might indicate the start of degradation processes.
Heights and widths were determined over time (Figure 4).
Generally, it can be observed that heights are stable whereas the
widths shrink within the ﬁrst days. After approx. 5−10 days, the
sample reaches equilibrium and the structures stay stable for up
to 40 days. This corresponds well with observations of Wisotzki
et al.,29 which showed that gelatin hydrogels irradiated with 50
kGy are stable up to 45 days. They also described a dose
dependence of the degradation time indicating lower stability for
lower irradiation doses. This correlates well with the 40 day
stability of the herein presented samples. The small changes
during the ﬁrst daysmight be caused by decreased swelling ratios
due to diﬀerences in polymer−solvent interactions caused by
storage in PBS.24
This general dose dependence of the groove structures needs
to be taken into account if a speciﬁc pattern is required for the
prospective application. Therefore, templates have to be created
whose structures are initially larger than the desired ones and the
gels have to be allowed to equilibrate for several days before
application.
To gain a further insight into material processes behind
surface degradation, the radially averaged power spectral density
(PSD) was analyzed. As detailed in Mayr and Averback30 and
references therein, it is possible to identify smoothing processes
using stochastic rate equations for the evolution of the surface in
Fourier space, and therefore a log−log plot of the PSD can give a
hint about dominant surface mechanisms.
A publicly available MATLAB script31 was used to calculate
two-dimensional (2D) radially averaged PSD, using a Welch
window. PSDs were calculated from the surface pictures in
Figure 3 and plotted for day 1, day 19, and day 40 (Figure 5).
Figure 3. Representative surface topographs of a 10 wt % 40 kGy gelatin sample stored in PBS at 37 °C, 5% CO2, and 100% humidity. Top left: day 1.
Top right: day 5. Bottom left: day 19. Bottom right: day 40.
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The peak in the middle of the PSDs is due to the periodic
structure of the grooves on the surface. Lower wave vectors
always behave like q−2, but higher wave vectors show a shift from
q−3 to q−4 between day 19 and day 40. The constant power
region at very high wave vectors is due to instrumental noise,32
and the behavior at very low wave vectors may be an
overestimation due to surface tilt.32
With this, we can conclude that for low q, i.e., on distances on
the scale of the surface structures, transport through the medium
(e.g., water) might be the dominating surface degradation
process. For high q, i.e., on top of the structures, a q−i with 3 ≤ i
≤ 4 indicates presence of curvature-induced diﬀusive smoothing
processes.
In general, our investigations indicate a curvature-driven
surface transport mechanism, which rounds oﬀ sharp edges. This
is supported by a visual analysis of the surface on day 40, which
shows eroded edges on the structures, which had not been
present before. This indicates the beginning of pattern
degradation, which might limit application longer than 40 days.
2.3. Cytocompatibility. Here, we compared the cytocom-
patibility of cross-linked gelatin hydrogels with patterned and
unpatterned surfaces using primary human umbilical vein
endothelial cells (HUVECs) and primary normal human dermal
ﬁbroblasts (NHDFs). Cells were seeded onto hydrogel-
containing cell-culture plates and incubated for 48 h before
analysis. As a control, we used samples with cells seeded onto
gelatin-coated cell-culture wells, representing a two-dimensional
model with an extremely rigid artiﬁcial plastic surface. After 24 h,
an intermediate result of cell attachment and growth was
documented using a Zeiss Axiovert 40 CFLMicroscope (Figure
6, ﬁrst row).
On unstructured gels, HUVECs had more diﬃculty attaching
to the surface than HUVECs aligning on the structured gels.
Moreover, cells on structured gels were more numerous and
diﬀerentiated faster than their counterparts on the plain gels.
After another 24 h, the diﬀerences between patterned and
unpatterned gels became more pronounced (Figure 6, second
row). Almost all cells spread and aligned along the surface
structures, whereas cells on the unpatterned gel produced
cellular aggregates, indicating an attachment between cells
rather than to the gel surface.
These ﬁndings could also be seen clearly during the MTT
assay, where viable cells produce purple formazan salt crystals
(Figure 6, third row). Interestingly, unpatterned samples stained
with phalloidin Alexa 488 and Hoechst 33334 for the detection
of actin cytoskeleton and nuclei only rarely showed single
cellular aggregates whereas cell numbers on the structured gels
were comparable with the unstained samples (Figure 6, last
row). This strongly indicates a much weaker cell attachment to
plain gels compared with the structured ones, resulting in cell
detachment during the washing steps of the staining procedure.
NHDFs reacted clearly diﬀerently in presence of gelatin gels
(Figure 7). After 24 h, a strong attachment could be seen on
both gel variants, although the amount of cells was slightly
reduced on the unstructured hydrogels (Figure 7, ﬁrst row).
This became more obvious after 48 h, when cells produced a
nearly conﬂuent layer with parallel orientated cells, whereas cell
proliferation on unstructured gels was slightly reduced (Figure 7,
second and third row). Moreover, in contrast to HUVECs,
NHDFs obviously attached more strongly to the gelatin gels,
independent of the surface topography, as the cell number
seemed to be unaﬀected during the washing steps needed for
ﬂuorescent staining (Figure 7, last row).
Interestingly, the morphology of NHDFs grown on gelatin
hydrogel strongly diﬀers from that of those cultured on tissue
culture plastics. Whereas cells on plastic show typical character-
istics of ﬁbroblasts with plenty of cytoplasm and branched
morphology, cells on hydrogels are smaller and spindlelike with
less cytoplasm. Most likely, tissue culture plastic leads to
ﬁbroblasts in an activated state of metabolism characterized by
protein synthesis of the ﬁbrous matrix, whereas the ﬁberlike
gelatin hydrogel provides the environment for the trans-
formation to the smaller and spindle-shaped ﬁbrocytes
concerned with tissue metabolism and maintenance. The
lower metabolism of these hydrogel-treated cells can be seen
in Figure 7, third row, where the formation of purple formazan
salt crystals, which indicates the metabolic activity, is evidently
lower than in control cells cultured on tissue culture plastics.
After the qualitative observation of cellular growth, we ﬁrst
determined the cell proliferation and cellular activity using an
MTT assay, which is based on the cleavage of a tetrazolium salt
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide) by metabolic active cells containing NADH and
NADPH to form a purple formazan dye (Figure 8). The assay
Figure 4.Heights and widths of two exemplary 10 wt % 40 kGy gelatin
samples stored in PBS at 37 °C, 5% CO2, and 100% humidity.
Figure 5. Radially averaged power spectral density of a 10 wt % 40 kGy
sample stored under physiological conditions, on day 1, day 19, and day
40. Double-logarithmic plot unveils diﬀerent regimes of power-law
behavior that are ﬁngerprints of the dominant material processes.
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shows strongly reduced generation of formazan in presence of
gelatin compared with control cells (15.5 and 10.7% with
HUVECs and 24.1 and 20.4% with NHDFs on structured and
unstructured gels, respectively). As shown on the images during
the MTT assay (Figures 6 and 7, third rows), this is primarily
due to higher amounts of cells growing on the artiﬁcial plastic
surface than on gelatin gels and secondarily to a reduced
metabolic activity of cells in presence of hydrogels. Noticeably,
the metabolic activity of the seeded HUVECs and NHDFs on
structured gels is slightly higher than on the unstructured
counterparts.
Finally, we quantiﬁed the cellular toxicity of the gels by
measuring the extracellular amounts of the cytosolic enzyme
lactate dehydrogenase (LDH) that is released by cells with
damaged plasma membranes (Figure 8B,C). By an enzymatic
reaction, the used LDH assay generates a red formazan product
that is directly proportional to the released LDH amount and
thus indicative of cytotoxicity. By adding a lysis buﬀer, the lysis
controls display the maximum achievable LDH activity of the
respective samples (Figure 8B). The maximum LDH activities
of HUVECs in presence of gelatin were only 61.2 and 58.1% in
the structured and unstructured gel samples, respectively,
compared to the control cells grown on plastics. In contrast,
the maximum LDH activity in lysed NHDFs reaches 87.8%
(structured) and 84.3% (unstructured) of the LDH amount
found on control cells grown on plastic. This indicates a strong
reduced cell number of HUVEC and only a slightly reduced cell
amount in NHDFs in presence of gelatin gels compared to the
cells grown on plastic. Interestingly, the viability of cells in
presence of gels, especially for NHDFs, was rather good (Figure
Figure 6.Microscopic images of HUVECs grown on structured and unstructured gelatin hydrogels and on plastic cell-culture plates after 24 h (ﬁrst
row), 48 h (second row), 48 h during (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT) staining (third row), and 48 h after
ﬂuorescent actin staining using phalloidin Alexa Fluor 488 (green) and nuclei staining with Hoechst 33334 (blue) (last row). Arrows indicate the
orientation of the structures.
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8C). Whereas the cytotoxicity for HUVECs increases from 6.7%
(control) to 17.3 and 21.3% (structured and unstructured,
respectively), the cytotoxicity of gels in NHDF only leads to a
minimal increase of 1.4−13.3% when compared to that of the
control samples (11.4%).
These diﬀerences in viability of and cytotoxicity for HUVECs
and NHDFs cultured on unstructured and structured gelatin
gels address the problem that HUVECs are more sensible and
grow less well on gelatin hydrogels than NHDFs. The reasons
for this are manifold and three of them are mentioned as follows.
(I) One important factor for cell attachment and the ability to
grow is the stiﬀness and elasticity of the surface or matrix. In a
previous publication, we reported that the growth of ﬁbroblasts
on gelatin hydrogels is dependent on the stiﬀness of the surface
and that optimum conditions are achieved with 10% gelatin
hydrogels electron-irradiated with 40 kGy.29 This is similar to
the gels we investigated in this study, but other cells like
HUVECsmight prefer other conditions to grow on. However, in
future experiments, for applications in regenerative medicine,
the hydrogels will get a multicellular layer with NHDF, as the
ﬁrst layer, directly on the hydrogel surface. Therefore, the
experimental setup focused on optimal NHDF compatibility.
(II) Gelatin hydrogels are frequently used to mimic the
extracellular matrix (ECM). In connective tissue ECM,
ﬁbroblasts are the most common cell type, with the duty to
synthesize, maintain, and provide a structural framework. Thus,
they are highly used to the ECM environment and can most
likely adjust far better to ECM-mimicking matrices like gelatin-
based gels than HUVECs. (III) The sensibility of cells toward
their environment or substances can diﬀer strongly. There are
several studies showing that NHDFs are more robust than
HUVECs. E.g., in Damrot et al., the toxicity of doxorubicin to
HUVECs was much stronger than to NHDF.33 Similarly, Saito
and colleagues investigated several diﬀerent substances on the
Figure 7. Microscopic images of NHDFs grown on structured and unstructured gelatin hydrogels and on plastic cell-culture plates after 24 h (ﬁrst
row), 48 h (second row), 48 h duringMTT staining (third row), and 48 h after ﬂuorescent actin staining using phalloidin Alexa Fluor 488 (green) and
nuclei staining with Hoechst 33334 (blue) (last row). Arrows indicate the orientation of the structures.
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induction of apoptosis in human neuroblastoma cells, HUVECs,
and NHDFs.34 They found that in most cases, the cell survival
was clearly higher with NHDFs than with HUVECs.
3. CONCLUSIONS AND OUTLOOK
Functionalization of materials suitable for biomedical applica-
tions, as in regenerative medicine, is a highly challenging task.
For the regeneration of tissues, cellular contact guidance might
be essential for biomimetic development. Therefore, topo-
graphically patterned gelatin hydrogels are required to obtain
customized culture substrates for tissue regeneration.
In the presented work, patterning was performed by molding
wherein a silicon template was used to transfer customized
patterns onto gelatin hydrogels. The patterned hydrogels were
then stabilized against gel−sol transition by high-energy
electron beam treatment, inducing network cross-linking.
Pattern transfer was then investigated in dependence on gelatin
concentration and irradiation dose. In addition, cytocompati-
bility experiments of HUVECs and NHDFs on the patterned
hydrogels were performed.
The presented study showed gelatin concentration depend-
encies of the pattern transfer. It was able to determine a pattern
transfer optimum at gel concentrations around 12−14 wt %. In
addition, the eﬀect of irradiation dose on pattern transfer was
investigated, showing strong dependencies on dose, which
enables precise adaption of the pattern. Long-time storage at
physiological conditions demonstrated stability of the pattern up
to 40 days, which enables long-time applications.
The cytocompatibility tests demonstrated good biocompat-
ibility and low toxicity to HUVECs and even better
biocompatibility and extremely low toxicity to NHDFs in
presence of patterned gelatine hydrogels. We found signiﬁcant
diﬀerences between cells grown on plain gelatin hydrogels
compared to cells grown on patterned hydrogels, showing
excellent contact guidance potential and improved cellular
growth support of patterned hydrogel substrates, indicating their
potential usage for regenerative medicine applications. Future
genetic analysis of cells cultured with cross-linked patterned and
unpatterned gelatin and comparison with in vivo grown
ﬁbroblasts will unravel the diﬀerences of the 3D model and
the in vivo condition.
4. MATERIALS AND METHODS
4.1. Sample Preparation and Long-Term Storage. Silicon
wafer templates were fabricated with ion beam etching according to the
procedure published by Heyart et al.28 The templates were 5× 5 cm2 in
size and structured with grooves of 3.75 μm width and 800 nm depth,
with a distance of 3.75 μm.
Type A gelatin from porcine skin (G2500, Sigma-Aldrich Chemie
GmbH, Germany) was stirred into deionized water in diﬀerent
concentrations (4−16 wt %), left to swell for 1 h, then heated to 60 °C
and stirred until fully liqueﬁed. Wafer templates were also heated to 60
°C, and liquid gelatin was pipetted on top of them. Samples were left to
settle for 10 min, then cooled down to 8 °C and solidiﬁed overnight
before being irradiated with doses between 0 and 100 kGy according to
the procedure described by Wisotzki et al.24 Afterward, templates were
carefully removed from the hydrogels.
Figure 8. Biocompatibility of gelatin hydrogels. (A) Metabolic activity of HUVECs and NHDFs after 48 h of incubation. (B) Maximal achievable
lactate dehydrogenase (LDH) activity of cells growing for 48 h. (C) Cytotoxicity of hydrogels after 48 h. Error bars represent standard deviation.
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To test long-term behavior at physiological conditions, samples were
stored in an incubator at 37 °C, 5% CO2, and 100% humidity and
covered with phosphate buﬀered saline (PBS). After surface imaging,
samples were replaced in the incubator.
4.2. Pattern Evaluation. For pattern evaluation, excess liquid was
removed from the sample surface by drying with pressured nitrogen.
Samples were then analyzed with a 3D confocal microscope (μsurf
explorer; NanoFocus AG, Oberhausen, Germany). A ﬁrst order
polynomial correction was applied to all images.
Heights and widths of the grooves were determined by analyzing
peaks of individual cross proﬁles. Baseline correction was applied to
each proﬁle using asymmetric least squares smoothing following Eilers
and Boelens.35 Parameters of p = 0.01 and λ = 1000 were chosen, as
recommended by the authors. Peaks of the cross proﬁle were then
detected using the python package peakutils,36 using a minimum
peak height of 0.02 μm and a minimum peak distance of 4.7 μm. Valleys
were detected by inverting the proﬁle and running the analysis again.
Due to the peaks being ﬂat-topped, widths were determined at points in
themiddle of the slopes chosen by intersecting the proﬁle with its mean.
Signiﬁcance was tested by pairwise t-tests (p < 0.001) via the
Benjamini−Hochberg p-value adjustment method.
4.3. Cell-CultureMaterials. Propidium iodide was purchased from
Sigma-Aldrich (St. Louis, MO). Alexa Fluor 488 Phalloidin and
Hoechst 33334 were purchased from Molecular Probes, (Life
Technologies, Carlsbad, CA), Dulbecco’s modiﬁed Eagle’s medium
(DMEM) from Biochrom (Berlin, Germany), and L-glutamine from
PAA Laboratories (Pasching, Austria). FBS Superior was purchased
from Thermo Fisher Scientiﬁc (Waltham, MA) and endothelial cell
growthmedium (ECGM)with supplements (C-22010, C-39215) from
PromoCell (Heidelberg, Germany). Pierce LDHCytotoxicity Assay Kit
was purchased from Thermo Scientiﬁc, and the Cell Proliferation Kit I
(MTT) from Roche. Water used in all experiments was of ultrapure
quality.
4.4. Cell Culture and Cell-Based Experiments. Primary normal
human dermal ﬁbroblasts (NHDF) were cultivated in DMEM
supplemented with 2 mM L-glutamine and 10% fetal calf serum at 37
°C and 5% CO2. Primary human umbilical vein endothelial cells
(HUVECs) were purchased from PromoCell (Heidelberg, Germany).
HUVECs were used at passage 2−3 and cultivated in ECGM with
supplements at 37 °C and 5%CO2. For further passaging, trypsinization
was performed according to the manufacturer’s instructions. Cell
numbers were determined with the MUSE Cell Analyzer (Merck-
Millipore, Billerica).
For control experiments, 30 000 HUVECs or 20 000 NHDFs were
seeded into gelatin-coated 24-well cell-culture plates in a total volume
of 0.5 mL (representing growth of cells on standard 2D tissue culture
plastic). The amount of seeded cells depended on the growth rate of the
individual cell lines and was calculated to achieve a ﬁnal conﬂuency in
the control samples of 95% after 48 h. Structured and unstructured,
cross-linked 10 wt %, 40 kGy gelatin samples were transferred into 24-
well cell-culture plates using a 15 mm puncher. The gels were washed
twice with PBS and, for equilibration, trice with cell-culture media over
a period of 5 days before seeding of 30 000 HUVECs or 20 000
NHDFs. After 24 h, cells were imaged using a Zeiss Axiovert 40 CFL
Microscope (Carl Zeiss AG, Oberkochen, Germany).
Cells were incubated for another 24 h before analysis using an LDH
Cytotoxicity Kit, an MTT Cell Proliferation Kit, and ﬂuorescence
labeling. The LDH and MTT assays were performed according to the
manufacturer’s protocols. Additional documentation of cell growth
before and after MTT incubation was generated using a Zeiss Axiovert
40 CFL Microscope. The cells shown in the bright-ﬁeld images were
focused through the gels, explaining the sharpness diﬀerences between
the control images and the samples. For ﬂuorescence labeling of cellular
F-actin and nuclei, samples were ﬁxed for 20 min using 4% PBS-
buﬀered formalin, washed twice, permeabilized for 3min with Triton X-
100 (0.2% in PBS), and washed again twice with PBS. Cells were
incubated for another 20 min with Alexa Fluor 488 Phalloidin (1:100)
andHoechst 33334 (1:2000) and washed three times with PBS. Finally,
the stained cells were imaged with a Zeiss Axio Observer Z1 ﬂuorescent
microscope (Carl Zeiss AG, Oberkochen, Germany). All cell-based
experiments were performed in replicates: LDH, n = 16; MTT, n = 12;
ﬂuorescence labeling, n = 4.
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4. Summary and Conclusion
The aim of this thesis was to investigate the potential of electron-beam-induced crosslinking in
order to tune properties of collagen and gelatin hydrogels to develop biomimetic ECM models,
stimuli-responsive systems and functional surfaces. Therefore, five sub-projects were presented
focussing on these three main objectives.
The first publication [10] presented in this thesis demonstrated that electron-induced crosslink-
ing is an efficient technique to precisely tune collagen hydrogels in terms of network organization
(pore size) and mechanics in dependence on irradiation dose. In addition, it was shown that
the characteristic chemical structure of collagen and its excellent cytocompatibility is well main-
tained. It was demonstrated that electron irradiated collagen gels are non-toxic for fibroblasts
indicating high potential for cellular applications in biomedicine and related fields. This project
represents a starting point for the use of electron irradiated collagen hydrogels as nontoxic,
reagent-free and biomimetic ECM models.
To develop stimuli-responsive gelatin systems, two approaches were presented in this thesis.
The first approach was described and characterized in the second publication [34]. Thereby, a
thermo-responsive gelatin system was presented. This thermal response is caused by a shape-
memory effect induced by high-energy electron-treatment. This effect causes a deformation of a
previously deformed gelatin system due to a thermal stimulus (exceeding gel-sol-transition tem-
perature) with high efficiency. The project characterized the effect for electron irradiated gelatin
experimentally as well as theoretically. The theoretical results show excellent confirmation with
experiments indicating validity of the assumption of the underlying physical processes. With
this, the presented work was able to demonstrate that shape-memory gelatin systems represent
highly efficient thermal-responsive systems with potential actuatoric application.
A second approach to develop a stimuli-responsive gelatin system was described and discussed in
the third presented publication [35]. Thereby, a hydration-responsive gelatin system is developed
consisting of two gel layers with different swelling ability. These differences in swelling are ob-
tained by varying the degree of crosslinking via high-energy electron-treatment. The presented
project was able to demonstrate the deformation effect in contact with water and to quantify
the effectiveness of the stimuli-response. In addition, it was discussed how the response of the
system can be optimized by adapting the swelling behaviour. Therefore, the general influence
of external environmental parameters such as pH-value and salt concentration of the solution
on swelling of electron-crosslinked gelatin was investigated and quantified. It was shown, that
swelling is highly dependent on the degree of crosslinking and the hydration solution. This
enables the development of a tunable hydration-sensitive gelatin system.
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The presented thesis further showed in two projects the high potential of electron-beam-treatment
to develop functional gelatin surfaces. Therefore, the fourth project of this work [41] introduced
a two-step process to mechanically pattern thin gelatin layers in a µm-range. Therefore, a
highly focused electron beam was used in the first step to mechanically pattern the surface.
Afterwards, thermal stabilization was obtained via electron-induced crosslinking. The presented
work further investigated the pattern quality after each step and stability of the final patterned
gelatin layer at physiological conditions. It was able to demonstrate that effective mechanical
patterning can be obtained by this two-step process utilizing electron-beam-treatment. The final
patterned gelatin layers are thermally stable and represent a customizable substrate for cellular
applications.
Within the last presented project [42], another functionalization process for gelatin was de-
scribed. Thereby, topographical patterning was applied onto gelatin hydrogels with thermal
stabilization via electron-induced crosslinking as already introduced by [85]. In addition to this
earlier study, the patterning transfer was analysed in dependence on gelatin concentration and
irradiation dose. Ideal parameters of concentration and dose for an optimal pattern transfer
were obtained. In addition, long time stability tests at physiological conditions revealed pattern
stability up to 40 days. Cytocompatibility tests with fibroblasts and endothelial cells indicate
excellent cellular acceptance demonstrating the high relevance for future cellular applications.
In conclusion, the presented thesis demonstrates the high potential of high-energy electron-
crosslinked hydrogels for biomedical applications. It introduced new concepts for the devel-
opment of biomimetic as well as stimuli-responsive materials and functional surfaces from col-
lagen and gelatin. High-energy electron-crosslinking was shown to be a highly advantageous
technique to tune various material properties such as mechanical and structural properties or
stimuli-response while excellently maintaining cytocompatibility and chemical integrity. These
investigations and concepts might be the basis for optimized synthesization of highly functional,
customizable and smart biocompatible hydrogel materials for specific applications such as in
regenerative medicine, implant development or tissue engineering.
5. Outlook
The presented projects show the high potential of electron-irradiation-induced crosslinking to
tune collagen hydrogel properties and to develop stimuli-responsive gelatin systems and func-
tional surfaces for prospective biomedical applications. However, during these projects, new
questions came up which are worth to be answered in the future.
While investigating the influence of electron-beam-treatment on collagen hydrogels, we observed
concrete crosslinking effects. However, it is still uninvestigated where these changes primarily
occur, inter- or intra-fibrillar, and if there are binding sites which are primarily broken. These
questions might be answered by systematically chemical analysis. Therefore, chemically defined
collagen-like structures such as amino acid chains has to be synthesized. They might help to
reveal the underlying chemical processes during electron-irradiation by providing insight into
the process of collagen and gelatin crosslinking. These investigations might additionally explain
the shrinking of electron beam treated collagen which was observed during the experiments.
This shrinking was already reported for electron-crosslinked gelatin [8] and might be caused by
inter-fibrillar crosslinking. However, this should be investigated by systematic studies on chem-
ically defined systems with collagen-like structures.
As precisely tuned biological ECM-like materials, electron-beam-crosslinked biological hydrogels
can be used as biomimetic tissue applicable to study e.g. cellular processes such as development
and migration. Therefore, a hydrogel matrix with an inhomogeneous crosslinking profile might
be created by applying an inhomogeneous crosslinking profile. With this, a scaffold with a
mechanical gradient can be obtained. This system can then be used as an invasion matrix to
study e.g. invasion behaviour of metastasising tumour cells.
In order to further develop these biomimetic ECM models, enhancement of collagen hydrogels by
natural ECM components such as elastin, fibronectin, PEGs, etc. has to be studied. With this, a
more natural model can be obtained. Therefore, the effect of electron-crosslinking on properties
and chemical integrity of the included components and the ECM system has to be investigated in
order to develop a customized ECM-mimicking matrix with precisely tuned material properties
and component concentrations.
In addition, ECM-like collagen hydrogels are also used as basis for the development of mineral-
ized tissue as bone or teeth scaffold [86]. By electron-beam-treatment, collagen hydrogels might
be pre-modified in order to tune the properties of the final mineralized tissue. It has to be
investigated if electron-irradiation has an influence on the mineralization process and how the
material properties are affected.
The investigation of the temperature-responsive gelatin system demonstrated how effective the
process of thermal shape-memory in electron irradiated gelatin is. Additional studies might ver-
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ify the effectiveness after long time and multiple deformations. In addition, smart gelatin gels
might be developed by the combination of multiple stimuli-responsive mechanisms to obtain a
system which can be switched independently by various external stimuli [87].
Similar to the thermally responsive system, the hydration-sensitive gelatin system might be
evolved towards a multiple-responsive system by combination of additional switching mech-
anisms. The first trial might be the combination of the thermal response due to covalent
crosslinking with the described hydration-sensitive bilayer-system. Thereby, a temperature- and
hydration-responsive system might be developed. Additionally, in order to develop a long time
applicable hydration-sensitive gelatin system, long time performance has to be investigated by
fatigue tests. Therefore, multiple switching has to be performed and the deformation-response
has to be investigated.
Regarding the functionalization of gelatin surfaces by mechanical patterning, cytocompatibility
has to be ensured for future biomedical applications. Therefore, cell tests using fibroblast might
be recommended since fibroblasts naturally produce collagenous structures and are able to re-
model them [88]. In addition, mechanically responsive cells might be cultured on the patterned
surfaces and tested in order to ensure durotaxis. For specific biomedical applications, mechani-
cal properties and geometry of the pattern has to be optimized for the individual objective and
cell type.
To further optimize the applicability of topographically patterned gelatin surfaces for biomedical
applications, the pattern transfer in dependence of the pattern geometry has to be studied. How
small can the patterns be made until they are not completely transferred? In order to develop
customized patterned surfaces, the ideal conditions have to be investigated for each case.
As a prospective applications, the topographically patterned gelatin surfaces might be used as
coatings such as for artificial blood vessels. This might induce an improved directed growth of
endothelial cells for optimized blood vessel development and regeneration.
To summarize, future research should focus on the characterization of the chemical changes due
to electron-irradiation as well as applicability of the developed tuned materials, systems and
surfaces. Therefore, the presented thesis represents a starting point for future biomedical appli-
cations.
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The development of functional or customized materials is the key challenge of tissue engi-
neering [1, 2]. Tailoring material properties, stimuli-response or interaction with biological cells
and tissue is thereby essential for in vitro and in vivo biomedical applications such as in cell
culture, implant coating, drug delivery or wound dressing applications. With a growing demand
for biomaterials [3], non-toxic and non-destructive methods and techniques are required to pre-
cisely modify them. In particular, biological hydrogel materials are of high interest [4] since
they resemble native tissue such as the extra cellular matrix (ECM). Among them, collagen
and gelatin hydrogels are promising candidates for biomimetic matrices since they reveal a high
degree of biocompatibility and biodegradability [5].
It was already shown that electron-irradiation treatment is highly efficient to crosslink gelatin
hydrogels [6, 7]. Thereby, material properties can be precisely tailored [8] while cytocompatibility
is maintained [9]. This thesis further investigates the potential of electron-irradiation-induced
crosslinking to modify collagen hydrogels as well as stimuli-response and cell-matrix interactions
of gelatin systems. In more detail, the three main scientific objectives of the presented thesis
are formulated as follows:
• Can high-energy electron-irradiation-induced crosslinking be utilized to precisely tailor
material properties of collagen hydrogels in order to obtain biomimetic ECM scaffolds?
• Can high-energy electron-treatment be utilized to develop stimuli-responsive gelatin sys-
tems for actuatoric application?
• Can high-energy electron-treatment be utilized to obtain functional gelatin surfaces in
order to enhance cell-matrix interactions?
The five projects presented in this thesis examine the potential of electron-irradiation-induced
crosslinking with respect to these three main objectives. They investigate electron-crosslinked
collagen hydrogels, thermo- and hydration-responsive gelatin systems and mechanically and
topographically functionalized gelatin substrates. The main results of the five projects and this
thesis can be summarized as follows:
1. Collagen hydrogels can be modified via electron-induced crosslinking. Thereby, network
structure and mechanics can be precisely tailored while chemical structure and cytocom-
patibility are excellently maintained.
2. Introduction of a shape-memory effect in gelatin hydrogels via electron-crosslinking en-
ables development of thermo-responsive gelatin systems. Theoretical simulations describe
underlying physical processes in good agreement with the experimental data.
3. Hydration-responsive gelatin bilayer-systems can be developed by tailoring swelling be-
haviour of the individual layers via electron-induced crosslinking. The deformation-response
of the system can be further influenced by environmental parameters such as pH value or
ion concentration.
4. Mechanically functionalized gelatin surfaces for biomedical applications can be obtained
via a two-step process utilizing highly focused electron-beam-treatment and global electron-
induced crosslinking. This two-step process enables mechanical patterning of gelatin with
structures in a µm-range and even lower.
5. Topographically functionalized gelatin surfaces can be obtained and stabilized via mould-
ing and electron-induced crosslinking, respectively. These structures show stability up to
40 days at physiological conditions. Cell tests indicate a high degree of cytocompatibility
and the potential to influence cellular behaviour.
In conclusion, the presented thesis shows the high potential of electron-induced crosslinking
to precisely tune collagen hydrogels and to modify gelatin in order to obtain stimuli-responsive
systems and functional surfaces. In addition, it was demonstrated that electron treated collagen
and gelatin hydrogel systems exhibit high cytocompatibility, which indicates high applicability
in biomedicine and related fields.
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